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Abstract 
Mining is a sensitive business that yields high returns and at the same time is associated 
with high risk of injuries/fatalities and potential losses of revenue.  There is increasing 
intolerance for injuries and fatalities by governments and the other stakeholders involved in 
the mining business often resulting in mine closures and revenue loss.  Chief among the 
mining risks is the occurrence of rockfalls where people work and access.  The rockfalls are 
bound mainly by joints that intersect the rockmass thereby forming rock blocks that may fall 
once an excavation has been created. 
 
There are many methods that have been used over time to predict the occurrence of 
rockfalls.  More recently probabilistic methods have gained more ground over deterministic 
methods.  The properties of the joints that are identifiable on exposed excavations are the 
main inputs used in simulating rockfalls.  To date there has been little work that has been 
done to compare predicted rockfalls to actual rockfalls. 
 
This dissertation presents a practical method for collecting rockfall and joint data in the stope 
hangiwall at two mines in the Bushveld Complex.  The joint data has been used in simulating 
rockfalls using JBlock (a probabilistic keyblock stability programme).  A comparison between 
simulated rockfalls and mapped rockfalls has been presented.  Based on this comparison, a 
number of iterations were done to calibrate the JBlock results until near realistic rockfalls 
were achieved. 
 
Three case studies have been conducted to investigate the effectiveness of different stope 
support systems in reducing rockfall.  The potential losses and injury risk associated with the 
different support systems have been quantified for all the individual rockfalls.  In general the 
rockfall frequency is directly proportional to the risks associated with the rockfalls.   
 
Through this research it has been demonstrated that it is possible to use joint data found on 
excavation surfaces to statistically predict the occurrence of potential rockfalls in similar 
ground conditions.  The optimum support system that has minimum injury and cost risk can 
also be selected from a comparison of a number of support systems.  Armed with this 
information, rock engineers can now make strategic decisions versus the existing common 
tactical approach. 
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1 Introduction 
1.1 Background 
For centuries mining has been known for its ability to generate wealth, which makes it an 
important part of the economies of many countries the world over.  In comparison with other 
industries, mining has had a very poor safety record throughout its history.  Some of the 
worst fatalities have occurred in the coal mining industry as a result of methane gas 
explosions.  For example, the worst ever recorded accident in mining history, in which 1 549 
people were killed on April 26 1942, was at the Honkeiko Colliery in China 
(www.epicdisasters.com).  In South Africa the Coalbrook disaster of 21 January 1960 
claimed 437 lives when a three square kilometre section of the mine collapsed.  Today 
mining is safer than it was fifty years ago, but it is still a high-risk occupation, as evidenced 
by frequent news headlines of mining related fatalities. 
 
South Africa is a country endowed with huge reserves of gold and platinum group minerals 
as well as other mineral commodities.  This places the country amongst leading mining 
countries in the world, creating employment and wealth for economic growth, but at the 
same time exposing thousands of employees to mining-related hazards.  In 2003, 
stakeholders in the mining industry comprising government, labour and the South African 
Chamber of Mines, agreed that, by 2013, mine fatality occurrences should be comparable 
with international benchmarks, as represented by Australia, Canada and the United States.  
This has placed focus on improving safety related strategies, which will eventually translate 
into the reduction of mining-related injuries and fatalities. 
 
The South African mining fatality record since 2003, when the action plan to reduce mining 
accidents was initiated, is shown in Figure 1-1.  This shows that there has been a steady 
decline in the number of fatalities from 270 in 2003 to 128 in 2010.  The fatality figures for 
the year 2010 according to the Chamber of Mines of South Africa are the best in the history 
of mining in South Africa.  In 2003, fatalities per million hours worked were 0.29, and by 
2009 this statistic has improved by almost 50% to 0.15 (DME, 2010).  Despite the decline in 
mine fatalities in 2010, the safety record in South African mines is still worse than in 
Australia, the USA and Canada combined.  Australia reported four fatalities in 2007/08, while 
the US had twenty-three deaths, and Canada recorded eight mining-related fatalities in the 
same period. 
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Figure 1-1: South African Mine Accident Statistics (Chamber of Mines 2011) 
In 2011, there was a reversal of these gains, as highlighted by a headline from the Business 
Report on 12th April 2011, “Rising SA mine deaths need urgent attention.”  This headline 
was in response to fatality statistics released by the Department of Mineral Resources for 
the period January 1 to March 31, 2011, by which time 38 fatalities had been recorded in the 
mines, in comparison with 30 for the same period in 2010.  This indicates that, although 
there has been a marked improvement in mining-related safety statistics in recent years, 
more work still needs to be done in order to reduce the injury and fatality numbers. 
 
The mine accident and fatality statistics can be grouped into different categories according to 
the causative agent.  Chief amongst the causes is rockfall accidents, which have generally 
constituted the highest contributor to accidents throughout this period.  An example is the 
period between January and December 2008 where gold and platinum mines accounted for 
94% of rockfall fatalities.  This observation is similar to the findings made by Adu-
Acheampong (2003) when analysing mining related fatalities.  In excess of 50% of all rockfall 
fatalities are gravity driven whilst the remainder can be attributed to seismicity. 
 
Apart from the injuries and fatalities associated with the rockfalls, there is also financial loss 
associated with rockfalls (Rwodzi, 2011; Joughin, 2010).  Reducing the number of rockfalls 
can be expected to result in improved productivity on mines by boosting morale of 
employees, and by reducing losses associated with each rockfall.  There are many methods 
being used to predict and develop strategies to reduce rockfall-related incidents.  The main 
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goal of this research is to refine one of these methods to better understand, predict and 
reduce rockfall occurrences on mines. 
1.2 Definition of the problem 
South Africa is the world’s largest platinum producer and hosts the world’s largest platinum 
reserves, in the Bushveld Complex.  Due to the nature of the geometry of the platinum reefs 
of the Bushveld Complex, the conventional underground narrow reef mining method is the 
main method utilised to exploit the mineral.  This mining method (Figure 1-2) involves 
opening up about a meter of a shallow dipping reef using jackhammer drilling, and blasting, 
to extract ore.  The hangingwall is often supported by mine poles, rockbolts, grout packs and 
pillars.  This mining method has man access stopes and is highly labour intensive thereby 
exposing many people to many hazards, chief among them being blocks of rocks falling from 
the roof of the stope.  
 
Figure 1-2: Conventional mining method used on platinum mines in South Africa (after 
Hustrulid, 1982) 
There are many geological structures that transect the rockmass in the Bushveld Complex, 
including faults, dykes, potholes, domes and joints.  These structures often intersect each 
other and the excavations created in rock, leading to the formation of rock blocks that have 
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the potential to fall into the excavations once they are exposed.  The intensity of jointing in 
rock is much higher than any of the other structures, and therefore, with regard to excavation 
stability, a lot of attention needs to be directed at joints.  Joints can be identified on exposed 
rock surfaces as traces or lines on which no visible shear movement can be observed.  At an 
average producing mine in this locality, hundreds, if not thousands of joints, are exposed 
daily where people work.  Sadly, not enough is being done in terms of acquiring and using 
jointing information on mines in order to quantify injury and cost risk associated with 
rockfalls.  Current support design in the mining stopes of the BushveId Complex platinum 
mines is based on deterministic semi-empirical methods, in which joint properties are used 
implicitly (Stacey, 2007).  Keyblock stability methods are not included in the complement of 
design tools used when choosing the optimum support systems to be used on the mine.  
The selection of a support system is based on recorded fallout heights, historical support 
used, and trial and error.  There is a lack of a conscious design approach with quantifiable 
comparisons of different support systems.  In the isolated cases where keyblock stability 
methods are used (Gumede, 2006), they have never been validated against actual rockfalls 
recorded underground.  This made the approach more of a rockfall comparison tool than a 
predictive tool.  An improved statistical rockfall prediction method will lead to improved 
confidence in applying such tools to design.  If such a tool can be used, it would be able to 
demonstrate that rockfall-related fatalities and production losses can be forecasted, 
controlled and managed in future mining, with a certain degree of confidence. 
1.3 Objectives 
The objectives of this research are as follows: 
• To collect data associated with rockfalls such as volume, location, orientation, and 
shear strength properties of weakness planes bounding rockfalls; 
• To collect rock joint properties from joint traces on the jointed hangingwall of an 
underground stope so that statistics for these properties can be defined; 
• To use rock joint statistical data in generating potential keyblocks, and simulating 
rockfalls, using a statistical keyblock stability method; 
• To compare rockfalls observed from underground mapping with the predicted 
rockfalls, and hence to calibrate the statistical keyblock stability method; 
• To analyse case studies, comparing the effectiveness of different support systems in 
reducing rockfall frequency; 
• To quantify the injury and rockfall risk associated with each support system in the 
case studies. 
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1.4 Research methodology 
In achieving the objectives outlined above, the following methodology was adopted: 
• Conduct a review of literature related to joints and their importance when creating 
excavation. 
• Carry out underground mapping of rockfalls and joints at a platinum mine. The 
Merensky and UG2 reefs were covered during this process. 
• Correlate actual mapped rockfalls with predicted rockfalls from the statistical 
keyblock analyses for these two reefs 
• Carry out joint mapping at an additional platinum mine to widen the use of the 
statistical keyblock stability method. 
• Analyse case studies on two mines, based on actual support strategies and 
variations thereof, to demonstrate a reduction in the number of rockfalls with 
improved support of the stope hangingwalls. 
Joint and rockfall mapping was carried out at two underground platinum mines to achieve 
these objectives.  Stopes on the Merensky reef and the UG2 reef were mapped.  An analysis 
of the joint and rockfall data then followed.  Using the joint data, rockfalls were simulated 
using a statistical keyblock analysis package and the results were correlated and validated 
against recorded rockfalls.  Starting off with the current support system used in each of the 
mapped areas, different but practical support improvements were made for comparative 
purposes. 
1.5 Content of the dissertation 
The next chapter presents a background description of joints, their properties and different 
methods currently being used when collecting joint information in the field.  The underground 
mapping of joints and rockfalls will be described in Chapter 3.  In the same chapter, the 
mapping results for both exercises will be presented and analysed.  A review of design 
methods in blocky ground and, in particular keyblock stability methods, will be presented in 
Chapter 4.  The potential for the occurrence of rockfalls, based on the collected joint 
information and the correlation between the simulated rockfalls and the mapped rockfalls, is 
evaluated in the same chapter.  Case studies for different support scenarios in the mapped 
areas are presented in Chapter 5.  Chapter 6 provides a discussion of the conclusions and 
recommendations arising from this research. 
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2 Review of joint properties and mapping methods 
This chapter provides a review of literature relating to joints, how they are formed, their 
properties and the various methods that can be used to obtain joint data in the field. Joint 
networks and how they can be used to evaluate the stability of excavations are also 
discussed in this chapter. 
2.1 Introduction 
In nature, a rock mass is almost never a single block of uniform solid rock.  Instead, it usually 
contains many structural weakness planes such as joints, bedding planes, veins faults, 
dykes, and shear zones which transect it.  Joints are by far the most common and generally 
the most prominent geotechnical structural features in rocks.  The presence of joints in rock 
masses makes the design of excavations, and the support systems necessary to inhibit 
loose rock wedges/blocks from falling into the excavation, challenging.  Generally, as the 
number of sets of joints exceeds two, the design of an excavation and the support becomes 
complex.  Loose rock wedges can also be formed by vein networks as observed by Brzovic 
and Villaescusa, (2007) at El Teniente mine, although this is not very common. 
 
In jointed hard rock excavations at relatively shallow depths i.e. upper 300m, and in low 
stress environments, the most common types of failures observed in jointed rock masses 
involve wedges/blocks falling from the roof or sliding from the sidewalls of the openings 
(Piteau, 1970; Steffen et al, 1975).  These wedges/blocks are formed by the intersection of 
the excavation surface and joints which separate the rock mass into discrete interlocked 
pieces.  Once a free surface occurs by the creation of the excavation, the restraint from the 
surrounding rock is removed and these blocks are free to move into the excavation if the 
frictional forces resisting this movement are less than the weight of the wedge.  The wedge 
formed with its surface exposed in the excavation, and the first to fall out from the walls or 
hangingwall, is called a keblock.  What exacerbates the problem of keyblocks is that they 
may fall after little or no observable movement has occurred to warn people working in its 
vicinity.  This poses a hazard for men working or travelling in the excavation.  Further, if 
there are no measures put in place to stabilise the excavation and stop the movement of 
such wedges, the failure of these surface keyblocks may give rise to the failure of 
subsequent blocks.  The success of supporting a jointed excavation hinges on the ability to 
support all keyblocks exposed in the excavation. 
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2.2 Joint Definition 
A joint can be described as a naturally occurring fracture on which there is a rock to rock 
contact, and which causes the rockmass to be discontinuous and have a much lower( or 
zero) tensile strength than the intact rock ISRM (1978).  On the other hand ISRM defines a 
discontinuity as being almost similar to a joint, but differentiated by the existence of a filling 
material in between the joint surfaces.  The term joint has been adopted in this research to 
mean a natural fracture which renders a rock mass discontinuous, and which may contain 
infill material or not.  A group of parallel or sub-parallel joints is called a joint set, and joint 
sets intersect to form a joint system. 
2.3 Mechanism of Joint Formation 
Joints are believed to develop at practically all ages in the history of rock formation.  For this 
reason Price (1966) suggested that the formation of joints is highly unlikely to be due to a 
single mechanism.  Several studies (Leith, 1923; Price, 1966; Hobbs et al, 1976; Suppe, 
1985, Ivanova, 1998; Dershowitz, 1984) on the mechanisms that contribute towards joint 
formation individually, or as combinations of mechanisms, have suggested that joints are 
formed as a result of the cooling of rock, folding, contraction of sediments, earthquakes, 
compression and tensile stresses due to regional compression.  These mechanisms result in 
the development of stresses that can be tensile, compressive, and shear and are often 
associated with faulting and folding.  Joints are formed when these stresses exceed the 
strength of the rock and the rockmass fails along weakness planes.  These joints vary in 
appearance, dimensions and occurrence in differing lithologies as a result of different 
responses to the stresses controlled by varying rock strengths across the lithologies.  Other 
factors that influence joint formation include rock type, mineralogy, grain size and 
temperature. 
 
As a result of the joints resulting from stresses acting on the rock mass, they generally form 
in a near parallel fashion, resulting in a joint set.  Over time, stresses from more than one 
direction often act on a rock mass, and a number of joint sets may therefore be present (see 
Fig. 2).  These joint sets are often different in age and the associated stress field may also 
differ suggesting different geological periods.  The manner in which the rockmass reacts to 
new external forces is greatly affected by the orientation of these joint sets, because the 
rockmass will most likely separate at its weakest point, i.e. on the joint planes rather than in 
intact rock. 
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Figure 2-1: Tensional joints accompanying folding (after Price,1966). 
Based on the history of their formation, structural features in rockmasses have been 
classified into two major types (Ivanova, 1998):  
1. Tensile features (joints) which open in planes parallel to the maximum and 
intermediate principal stresses, σ and σ, and orthogonal to the minimum principal 
stress, σ; and 
2. Shear features (faults), which form in the plane of σ, and make an angle of less than 
45⁰ with the direction of σ.   
The distinction between joints and faults is based on their visibility, with faults being of a 
larger scale and more visible than joints.  Due to shearing on fault formation there is also 
markedly a visible relative movement on fault walls.  In contrast, joints are simply breaks in 
the continuity of a rock mass with no relative movement between the surfaces of the joint.  
Under normal circumstances in rock mass, the density of joints is far higher than that of 
faults. 
 
2.4 Theory of Joint Data collection 
In order to understand the behaviour of rock joints in a rock mass, it is vital to have a 
comprehensive description of the individual characteristics of the joints and their effects on 
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stability.  According to Priest and Samaniego (1983), the important properties in describing 
rock joints are: 
• Orientation  
• Spacing 
• Length 
• Shear strength 
These properties are normally grouped for each joint set.  In addition to these properties, 
joint shape and size is also important for a three dimensional description of joints.  However, 
most joint measurements are done either in one dimension (oriented borehole cores) or two 
dimensions (outcrops) and hence these two properties are not measured in most joint 
surveys.  Although joint properties are assumed to be the same for each set in many 
analyses, it has to be appreciated that each joint in reality has its own unique characteristics.  
The variability in jointing is approximated by statistically describing joint characteristics 
(Clark, 1979). 
2.4.1 Joint Properties 
The performance of the immediate rock surfaces of excavations created in jointed rock 
masses is highly influenced by the geometric characteristics of joints i.e., orientation, length 
and spacing, and the shear strengths of the joints and the intact rock.  These properties are 
of important considerations when carrying out a stability analysis of a jointed rock mass.  It is 
therefore important to understand them in order to make accurate predictions of rock mass 
behaviour. 
 
The present methods of joint data collection include information from orientated drill cores 
and from exposed rock surfaces such as rock outcrops and tunnel walls.  Table 2-1 below 
lists joint properties and the corresponding source of information for that particular property.  
These data can be one dimensional or at best two dimensional.  However, since joints are 
three dimensional in nature, Steffen et. al (1975) suggested the use of three mutually 
perpendicular directions when collecting joint data on exposed surfaces.  In this research, 
joint data was obtained by the careful mapping of underground hangingwall exposures.  
Attempts were made, where possible, to obtain joint data in the third dimension. 
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Table 2-1: Joint Property and Source 
Joint Property Source 
Orientation Oriented borehole cores, outcrops and excavation 
walls 
Spacing Oriented borehole cores, excavation walls, outcrops 
Length Excavation walls and outcrops 
Shear Strength 
Properties 
Excavation walls and borehole cores 
Joint Orientation 
Orientation or attitude of a joint in space is described by the dip of the line of maximum 
declination on the discontinuity surface, measured from the horizontal, and the dip direction 
of this line, measured clockwise from the true north (Figure 2-2).  It is usual to quote 
orientation data in the form of dip (two digits)/dip direction (three digits) for example 46⁰/009⁰ 
and 70⁰/320⁰.  Joint dip and dip direction can usually be measured using compasses. 
 
Orientation data can be represented on stereographic projections (Shi and Goodman, 1981, 
1985; Priest, 1985).  It has been noted by Priest and Samaniego (1983) that in many cases 
joints generally have a planar geometry and are oriented in sub-parallel groups or sets.  
Joint sets are identified from joint orientation information and stereographic projection 
software is commonly used for this purpose. 
 
Figure 2-2: Definition of dip (β) and dip direction (α) 
The shapes of blocks are determined by the mutual orientation of the joint sets.  Further to 
this, the relative orientation of the proposed excavation to the joint sets will control the 
possibility of unstable conditions.  The importance of joint orientation increases when the 
other conditions for instability are present, such as low joint shear strength, and a sufficient 
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number of joint sets to delineate a failure mode.  Orientation has been observed to follow a 
normal distribution (Stacey and Bartlett, 1990; Gumede, 2006; Grady, 1983).  However, 
other researchers (Priest, 1985; 1993; Brown, 2007; Thompson, 2002) have found the 
Fisher distribution (Fisher, 1953) to represent the orientation distribution better.  Correction 
for sampling bias to joint orientations has been done (Kulatilake and Wu, 1984 a) and shown 
to be dependent on joint shape and size.  However, joint shape and size are difficult 
properties to measure in 2 dimensions making the correction exercise difficult. 
Joint Spacing 
Joint spacing is the perpendicular distance between two adjacent joints of the same set, and 
is often expressed as a mean spacing for a particular joint set.  The spacing of joints 
determines the sizes of the blocks making up the rock mass.  This parameter can be 
measured on rock exposures both on surface or underground and it can also be estimated 
from orientated drill cores.  It should be noted though that spacing cannot be measured 
directly from cores when the borehole is sub-parallel to the joint surface.  When measuring 
spacing on rock exposures, it is recommended to have a scanline length of not less than 3m 
and greater than ten times the estimated spacing for reliable results (ISRM, 1978).  Joint 
spacing has been found to follow either an exponential distribution or a lognormal distribution 
(Hudson and Priest, 1979; Priest and Samaniego, 1983; Steffen et al, 1975; Grady, 1983; 
Gumede, 2006; Baecher et al, 1977; McCullagh and Lang; 1984; Pahl, 1981; Warburton, 
1980). 
 
An error in spacing calculation is often brought about by the sampling line cutting across the 
joint set at an angle less than 90° resulting in the overestimation of joint spacing (Terzaghi, 
1965).  This error is illustrated in Figure 2-3 and can be corrected as follows: 
d = ℓ sin θ 
Where:  ℓ is the distance between successive joints of the same set 
  d is the true spacing distance 
  θ is the angle between the scanline and the mean orientation of the joint set. 
In order to obtain accurately the angle (θ) between the joint and the scanline, the orientation 
of the scanline also needs to be known.  Different scanline orientations at the same site can 
be used to obtain spacing information.  This will reduce the error imposed by the relative 
angle between the scanline and the average orientation of the joint set. 
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Figure 2-3: Joint spacing error correction 
Length 
Joint traces are lines formed by the intersections of joints with excavations in rock.  The 
individual lengths of these traces indicate the extents of the joint within the rock mass, 
denoted by the straight line distance between end points of the joint.  Joint length 
measurements can be made on natural outcrops, underground surfaces and open cut 
excavation walls.  Persistence is an equivalent term to joint length when describing joints in 
three dimensions.  However, frequently rock exposures are small compared with the area or 
length of continuous joints and persistence can only be guessed.  Joint trace lengths have 
been found to follow lognormal or negative exponential distributions (Baecher et al, 1977; 
Bridges, 1976; Zhang, 2004). 
 
Joint length measurements are often biased and difficult to determine accurately.  The main 
reason for this bias is that joints may extend beyond the boundaries of the exposure, or that 
small joints are ignored.  These errors are discussed in section 2.4.3.  The orientation and 
position of the joint exposure in space can also affect the joint length because of differing 
points of cutting the joint plane.  Kulatilake and Wu (1984b) suggested a method for 
correcting this bias. 
Joint shear strength 
In addition to joint geometry when analyzing rock block failures linked to joints, joint shear 
strength is also a very important property.  This property is a measure of the resistance to 
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sliding of a block on a surface.  The nature of the joint walls and infill material between the 
walls on a joint will influence the shearing behavior.  A number of models have been 
developed for determining the shear strength of joint surfaces.  These models are among 
others, the Coulomb model (1776), the bilinear shear strength model (Roberds and Einstein, 
1978), the Barton-Bandis model (Barton, 1973; 1976; Barton et. al, 1985; Bandis et.al, 
1983), the Barton model (2002), and the Landanyi and Archambault (1969) model.  The 
widely used models are described below: 
Coulomb model 
The simplest shear strength model of discontinuities is the Coulomb failure criterion.  
Coulomb (1776) suggested that the shear strength of a surface is made up of two 
components, a constant cohesion and a normal stress-dependent frictional component.  This 
model can be represented by the following equation: 
   =  +  tan      (3) 
Where   = joint shear strength  
   =joint cohesion  
   =effective normal stress  
   =internal friction angle of the joint 
The weakness of this model is that it predicts a linear relationship between joint shear 
strength and normal stress.  This assumption leads to an overestimation of the shear 
strength at high normal stress. 
Bilinear shear strength model 
In reality the shear-normal stress relationship of joints is non-linear.  Patton (1966) 
addressed the weakness of the Coulomb model by formulating a bilinear model as shown in 
Figure 2-4.  The shear strength of a joint at low normal stresses is given by: 
   = 	 tan( + 	) 
Where   = Peak shear strength 
   =Effective normal stress 
   =		Basic friction angle for a apparently smooth surface 
   =Effective roughness angle of a saw tooth face 
The main weakness of this model is that it is only valid at low normal stresses.  At higher 
normal stresses, the strength of the intact material will be exceeded and the teeth will tend to 
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break off and there is a transition from sliding along the joint to fracturing through the intact 
material.  This then results in shear strength behaviour that is more closely related to the 
intact material strength than to the frictional characteristics of the surfaces as represented by 
the change in gradient in the second line in Figure 2-4.  As a result Jaeger (1971) proposed 
another shear strength model to provide a curved transition between the straight lines of the 
Patton model. 
 
Figure 2-4: Patton’s experiment on the shear strength of saw-tooth joints (Patton 1966). 
Barton-Bandis model 
This model is an improvement on Patton’s approach by Barton (1973, 1976).  In this case 
changes in shear strength with increasing normal stress are gradual rather than abrupt.  
Barton studied the behaviour of natural rock joints and proposed that Patton’s equation could 
be re-written.  In the Barton-Bandis model, simple measurements of joints were developed to 
have a practical way of evaluating the shear strength of joints (Barton, 1976; Barton and 
Choubey, 1977; Barton and Bandis, 1990 ). The joint shear strength for the Barton-Bandis 
model can be represented by the following equation: 
 =  tan[ +  !(
"

)] 
Where   = joint shear strength 
  	 = effective normal stress  
   = basic friction angle 
   = Joint Roughness Coefficient in the range 0 (smooth) to 20 (rough) 
  " = Joint Wall Compressive Strength 
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The weakness of this model is that its focus is on expressing joint behaviour at peak shear 
strength. This therefore means that it cannot be relied upon when describing the pre-yield 
and post-yield behaviour of rock joints. 
 
Barton model 
Barton (2002) provided a simple method of determining friction angles as follows: 
   = tan$
%&
%'
 
where:   is the joint friction angle 
  ( is Joint roughness condition (( = smooth for sepentinized joints and  
rough undulating for calcite filled joints and joints with no fill) 
) is the joint alteration number ()= unaltered for joints with no infill, non-
softening sandy particles for calcite fill and clay mineral fillings of varying 
thicknesses for serpentinised joints) 
This model has an underlying assumption that the joints are cohesionless.  This is normally 
the case with sheared joints.  This model provides an easy, cheap and intelligent field 
estimate of joint shear strength properties. 
 
Other important joint properties are thickness of filled joints, type of infill and water 
conditions.  These properties contribute towards the joint shear strength.  It should be noted 
here that joint set properties contributing toward the shear strength cannot be described by 
distributions and therefore mean values will be used. 
2.4.2 Joint Mapping Techniques 
Since joints have a significant influence on the engineering properties of rock masses, it is 
vital to have adequately accurate descriptions of the properties of such joints.  This can be 
achieved by mapping joints where they are exposed.  Joint mapping is an integral 
component of site characterization studies in rock engineering as observed by several 
authors (for example, Baecher, 1983; Call and Nicholas, 1978; Adu-Acheampong 2003).  
The motivation for this exercise is the need to take the distributive character of joint 
properties into account and obtain a representative statistical distribution for each property.  
In mapping rock exposures, four main techniques are used.  These are spot mapping, 
scanline mapping, area or window mapping, and photogrammetric mapping (Read and 
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Stacey, 2009; Priest and Hudson 1981; Windsor and Thompson 1997; Ulusay and Hudson, 
2007). 
Spot mapping 
This is where the observer selectively samples only those discontinuities that are considered 
to be important (Brown, 2007).  This method has an inherent weakness in that it ignores the 
influence of the other, unselected joints on excavation stability.  The apparently non-
important or random joints are known to have to have a significant influence on rock block 
formation. 
Area or Window mapping  
This technique involves selecting an exposed area of the rock face and mapping all joints 
within this selected area, as shown in Figure 2-5 (Brady and Brown, 2004; Read and Stacey, 
2009; Pahl, 1981).  The portions of the joint traces that are within the window are measured, 
while the portions of traces intersecting such a window, but lying outside, are ignored.  This 
method has an advantage over spot and scanline mapping in that it reduces sampling biases 
for orientation and size.  However, it suffers practical difficulty in application to underground 
operations because of limited areas of exposure.  It also suffers from censoring bias for joint 
lengths, whereby the lengths proceeding beyond the area window are ignored. 
 
Figure 2-5: Area mapping (after Zhang and Einstein, 1998). 
Photogrammetric mapping 
More recently photogrammetric mapping, which makes use of high resolution cameras in 
mapping of joints, as shown in Figure 2-6, is being used in joint mapping.  There are three 
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steps involved in mapping joints using this method as listed below (Birch, 2006; Gaich et al, 
2006): 
• Using high resolution digital cameras to collect images of rock face 
• Producing an oriented point cloud, and a digital 3D surface called a Digital 
Terrain Model (DTM) which is made of spatial data points of the face 
• Analysis of the DTM to characterise the rock mass (e.g. take joint dip 
direction, dip, spacing measurements etc).  This can be seen on the right side 
of Figure 2-6. 
A drawback of photogrammetric mapping over traditional mapping is that hardware and 
software are relatively expensive.  However, photogrammetric face mapping techniques far 
outweigh traditional methods of field data capturing (Tonon and Kettensette, 2006; Poropat, 
2006).  The advantages of photogrammetric face mapping techniques over traditional 
methods are (Tonon and Kettensette, 2006): 
• The ability to analyze large areas of rock masses, including inaccessible areas, by 
capturing images from distances of up to 3km.  Limited size and access to rock 
exposures for mapping had been cited by Villaescusa (1993) as a hindrance to 
describing joint set characteristics. 
 
Figure 2-6: Photogrammetric mapping (from Sturzenegger and Stead, 2009) 
• Large data sets can be collected resulting in a more realistic picture of fracture 
orientations.  Joint sets that may have been missed by manual mapping are often 
discovered using this approach. 
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• Zooming in and out of the face improves the identification of structural features, such 
as major shears or fractures, which are otherwise not apparent when working close 
to the rock face. 
• Despite these methods acquiring large numbers of data points, they are typically five 
times faster than manual data collection. 
• There is permanent documentation of the rock face condition for reporting and 
contractual or legal issues.  Data can still be processed even after the face has been 
shotcreted. 
• Reliable three dimensional characterization of the rockmass can be done if each 
stage of the excavation is documented, and information on fracture persistence and 
fracture clustering is obtained. 
• It is relatively easy of use i.e. there is no need for a photogrammetry expert, as was 
the case with traditional photogrammetry.  This expert is now substituted for by the 
software adjustment capability. 
Scanline mapping 
This method involves setting up a line on the surface of a rockmass and mapping all joints 
intersecting that line as shown in Figure 2-7 (Priest and Hudson, 1976; 1981; Baecher, 1983; 
Steffen et al, 1975, Haines and Marker, 1992; Zhang, 2004; Goodman, 1995; Brzovic and 
Villaescusa, 2007).  Brady and Brown (2004) suggested the use of a measuring tape pinned 
to the rock face with masonry nails, and chalk lines drawn on the face, as a scanline.  The 
tape needs to be taut at all times in order to produce reliable joint spacings.  To reduce 
orientation bias, a three dimensional view of the joint data is needed.  This is achieved by 
using two orthorgonal scanlines (one on dip and the other on strike) in the stope hangingwall 
and a borehole drilled into the hangingwall.  This mapping technique has been 
recommended when using probabilistic methods for key block analysis (Kemeny and Post, 
2003).  An orientated drill core is an indirect scan-line that can be used to measure 
orientations and joint spacings only in unexposed rock masses.  Scanline mapping of 
outcrops and surface exposures offers the extra opportunity of measuring joint length which 
cannot be done on oriented drill cores.  Circular scanlines are also used for joint mapping 
and offer an advantage of eliminating directional bias.  Scanline mapping is by far the most 
common mapping technique in use because of its relative ease to use.   
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Figure 2-7: Straight scanline mapping (Zhang, 2004). 
From field mapping experience, Priest (1993) suggested that 150-350 joint observations 
need to be made using scanline mapping techniques.  The lower number and higher number 
are ideal for a rockmass containing three and six joint sets respectively.  On the other hand, 
Robertson (1970) suggested that 100 observations be made per joint set in order to reduce 
the effect of potential errors.  Savely (1972) observed that 60 joint recordings are required in 
order to define a set along a given sample line.  According to Villaescusa (1993), at least 40 
joints observations are required per set to provide a representative database of the joint set.  
However, Call et al (1976) have also suggested that the number of observations required be 
dependent on the fracture intensity and the number of sets.  The scanline mapping 
technique is the one that was chosen and utilised in this particular research because it is 
comprehensive, cheap and will provide the data required for a probabilistic keyblock stability 
analysis.  One drawback observed regarding this method is that it provides unreliable 
information when the mean orientation of a joint set is less than 20° from the sampling line 
(Baecher et al, 1977). 
2.4.3 Joint Mapping Errors 
The quality of the input joint information will determine the quality of the output from the 
probabilistic keyblock stability analysis.  It is important to highlight the potential sources of 
errors associated with carrying out joint surveys using the scanline method.  The potential 
sources of error in joint mapping, apart from human bias and instrumentation error, are joint 
size or length, orientation, censoring and truncation (Baecher and Lanney, 1978; Baecher, 
1983; Einstein and Baecher, 1983; Priest and Hudson, 1981; Kulatilake and Wu, 1984a; 
Kulatilake and Wu, 1984b; Mauldon and Mauldon, 1997).  These errors are discussed in 
detail below; 
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Joint Size 
Joint size or length bias leads to non-equal sampling probabilities among traces of varying 
lengths in two ways:  
(a) a larger discontinuity is more likely to appear in an outcrop than a smaller one; and  
(b) a longer trace is more likely to appear in a sampling area than a shorter one. 
Censoring 
Joint censoring bias takes place when traces observed on a joint exposure run off into the 
rock walls and cannot be observed in their fullness.  This gives a false trace length of the 
joint in that it reduces the effective joint trace length. 
Truncation 
This bias takes place when trace lengths below a cut off length are ignored in data 
collection.  This has an effect of increasing the sample mean of the joint trace lengths.  Joint 
spacing values are also overestimated in this case as some of the joints in the same set are 
omitted. 
Orientation 
Orientation bias is where joints sub-parallel to the rock face less chance of intersecting the 
rock face than joints perpendicular to the rock face (Terzaghi, 1965; Stacey and Bartlett, 
1990). This usually arises from outcrops that may form along joint surfaces, resulting in a 
strong possibility of an entire set of joints being underestimated in the mapping results.  This 
error can be reduced significantly by using three mutually orthogonal scanlines in the same 
area.  An effort has been made in this research to reduce the orientation bias by using 
scanlines that have more than one orientation. 
2.5 Joint Networks and Joint Traces 
When large rock surface areas are exposed daily at an average producing mine, a large 
number of joints are exposed.  The numbers of joints depend on the geological complexity of 
each site.  However, due to the many joints that are exposed daily, it is impractical to map 
each joint and carry out a stability analysis to identify potential rockfalls.  In order to enhance 
the joint mapping data, a suggestion was made (SRK Internal Report, 1986) to use 
geostatistical methods where insufficient structural data have been collected in the field.  
Grady (1983) conducted a geostatistical analysis on joint data obtained from the Natal Group 
sediments  One of the main findings from the analysis was that data samples less than 300 
produce poor geostatistical estimations.  These weaknesses motivate for reproducing joint 
network models to represent the joint network using the joint properties to be described in 
(section 2.4.1). 
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Modelled joint networks have been used widely in analysing fluid flow and to predict stability 
of rock excavations (Dershowitz, 1984; Dershowitz and Einstein, 1988; Ivanova, 1995; 
Kulatilake and Wathugala, 1990; Hadjigeorgiou et al. 1998; Starzec and Andersson, 2002).  
The ability to properly develop a reliable joint network depends on the quality and quantity of 
data that describes the rock mass in the area of interest.  If the exact position of each 
discontinuity, its geometry and strength characteristics are known in advance, then it is 
relatively easy to reproduce a joint network.  Unfortunately these data are not available until 
the excavation has been made. 
 
Several stochastic joint models have been found to be most appropriate to describe joint 
networks (Baecher and Lanney, 1978; Veneziano 1978, Villaescusa, 1993, Dershowitz, 
1984; Dershowitz and Einstein, 1988; Ivanova 1995; Kulatilake, 1993).  These models 
include the Orthogonal model, Baecher model, Veneziano model, Parent-Daughter model, 
Mosaic Block Tessellation model and the Ivanova model.  Based on each of these or a 
hybrid of the joint models, several software packages have been developed to model rock 
jointing. Among these software is Fracman (Dershowitz et. al, 1998), FRACNTWK 
(Kulatilake, 1988), RESOBLOK (Merrien-Soukatchoff et. al, 2011), 3FLO (Billaux et. al., 
2006), JointStats (Brown, 2007), and SIMBLOC (Hamdi and du Mouza 2004).  In simulating 
joint networks, joints are assumed to be planar.  This assumption is an oversimplification of 
joints in reality as they are not planar in all cases.  When simulating joint networks in 
complicated geology, the rock unit is divided into structural domains having statistical 
homogeneity (Miller, 1983; Mahtab and Yegulap, 1984; Kulatilake, 1988; Kulatilake and 
Wathugala, 1990).  Statistically homogeneous regions are determined by considering, rock 
type, number of joint sets and their orientation distributions. 
 
Joint system models can either be 3D or 2D.  However, 3D joint simulations have a 
weakness in that joint intensity and shape parameters are used, and these parameters are 
difficult to determine, since joints can rarely be viewed in three dimensions.  In order for the 
best rock joint models to be developed, it is critical to have a system that can penetrate the 
rock and give a three dimensional view of the joints. 
2.5.1 Joint traces and evaluation of excavation stability 
The intersection of joints and planar excavations results in a 2D imprint of the joints being 
observed.  These imprints of the joints on the excavation walls are called joint traces and 
can provide joint properties described in section 2.4.1.  All required inputs in modelling joint 
networks in 2D can be obtained on joint surface exposures or in 1D from oriented borehole 
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cores.  Although joint systems are three dimensional in nature, it was observed on a number 
of different exposed rock surfaces that two dimensional versions of joint systems models are 
also valuable as they provide a representation that is easier to visualise, analyse, interpret 
and compare with reality (Dershowitz, 1995; Kulatilake and Wathugala, 1990).  
 
Joint trace methods to examine expected joint patterns have been developed (Priest and 
Samaniego, 1983; Haines, 1984).  Of note are the joint traces generated by Haines (1984) 
where joint property data was collected by scanline mapping and grouped according to 
structural regions.  The method involved using Monte Carlo Sampling to generate joint 
traces in 2D for each individual rock type or structural region.  A comparison between 
simulated joint traces and known field distributions illustrated that the theoretical and actual 
data were in reasonable agreement.  However, this conclusion was based on a small 
database of sites surveyed, and improvements to the system can be made with an improved 
database. 
 
Joint traces simplify the identification of various joint set combinations which have potential 
to form unstable blocks with respect to the free faces.  This approach has been applied in 
the overall assessment of potential instability of keyblocks within a tunnel by examining 
structural patterns in three orthogonal directions (Haines, 1984; Goodman and Shi, 1989; 
Gumede, 2006; Thompson and Windsor, 1997; Stacey et al, 2005).  In these cases, tunnels 
were viewed in plan, cross-section and longitudinal sections.  By examining the intersection 
of the tunnel geometry in each of the views, potentially unstable rock blocks which are 
kinematically feasible to move are identified.  The blocks identified in each of the views are 
totally unrelated.  Dimensions of block apex height, length and area are then measured from 
scaled joint trace plots.  This procedure is repeated a sufficient number of times to produce a 
statistical distribution of potentially unstable blocks.  This approach has application to all 
types of excavations. 
2.5.2 Step Path Failure 
Slope instability of open pit mines cut in discontinuous rock masses is primarily controlled by 
geological structures such as joints, because displacements often occur along surfaces of 
these structures.  However, it is comparatively rare to have a single sliding surface along a 
joint as in planar failure because joints usually lack the continuous length for failure.  It is 
much more likely that a complex failure path (Stacey, 2007; Miller, 1983; Call and Nicholas 
1978; Miller 1982; Baczynski 2000, and Baczynski, 2008) will result from combinations of 
several joints.  This path is often referred to as a step path and it provides the continuous 
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path needed for sliding.  The step path normally traverses though both the joints and intact 
rock between the joints, often referred to as ‘rock bridges’ Figure 2-8.  Rock bridges have 
been shown to provide sufficient resistance when they cover less than 10% of the rock area 
in hard rock slopes greater than 300m in height (Martin, 1978).  Fairly recently, Diederichs 
(2003) proposed that even on a small very small percentage of the joint co-planar area, 
intact rock bridges may provide internal self-supporting load carrying capacity equivalent to 
artificial slope reinforcement systems (i.e. bolts or cables).  However, time dependent 
reduction of cohesion can weaken the rock bridge and facilitate slope failure. The probability 
of failure of a slope modelled by Kemeny (2003) was found to increase from an initial value 
of 5% to 40% after one hundred years, due to the contribution of time dependent reduction 
of rock bridge sliding cohesion on the slope. 
 
It has been observed (Miller, 1983) that there are two typical scales of potential sliding 
surfaces, i.e. those associated with major structures (such as faults or other features with 
lengths comparable to the size of study area) and those associated with more numerous, 
smaller structures (such as joints, foliations and bedding planes). Major structures normally 
have lengths great enough to affect overall pit slope stability. In contrast, the smaller and 
more numerous structures usually have lengths less than 10m and consequently influence 
the stability of benches because bench heights are usually 12 to 20m. 
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Figure 2-8: Example of step-path geometry on a rock slope (from Read and Stacey, 2009). 
The slope step path failure mechanism according to Piteau and Marftin (1982) can be 
analyzed much more simply if it is represented in 2-dimensions as joint traces.  The failure 
surface in this case is assumed to be sub-parallel to the strike of the slope.  Jointing systems 
on rock slopes always pose potential danger to slope stability.  Any planar or non planar 
surface (or ‘path’) through intact rock and joints in a rock mass constitutes a potential failure 
surface.  A ‘critical path’ for a slope is a path of minimal safety given a jointing system and a 
set of strength parameters (Einstein el. al., 1983).  This path is a particular configuration that 
has a combination of joints and intact rock portions having the minimum safety margin (SM) 
where: 
SM = R - L 
Where : R = total sliding resistance due to the frictional properties of the joints and 
  L = total driving force 
In this case persistence or the fraction of area covered by joints play a crucial role by 
reducing R if persistence is high or increasing it if the persistence is low. If SM is negative 
i.e. L>R, then the rock mass fails.  Therefore a critical path may or may not be a failure path.  
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In analysing step-path failures, Call and Nicholas (1978) and Miller (1982) made the 
following simplifying assumptions; 
a) At least two joint sets characterise a step path, i.e. the master joint which daylights 
into the slope and gently dipping at 20⁰ to 50⁰ and the crossing joint steeply dipping 
at 50⁰ to 90⁰ 
b) The joints strike parallel or nearly parallel to that of the slope to within ±20º. This 
makes it critical to map these joints on an exposure perpendicular to the slope face 
as these joints are highly likely to be omitted when mapping the slope face. 
c) A rock bridge is more likely to fail in tension than in shear 
d) Cross joints that do not intersect, but come approximately 5cm close to the end of a 
master joint, will allow the path to continue to the next master joint 
e) The flattest path is followed, i.e. the step path will follow a master joint to the furthest 
cross joint further up the master joint. The path will then follow the cross joint until it 
intersects and continues along another master joint. 
There are a number of step-path failure analysis programs that have been developed.  
Among them is STEPSIM4 (Baczynski 2000, and Baczynski, 2008), and the NIOSH 
programs, Bplane, Bstepp and Bwedge (Miller et al, 2007). 
2.6 Summary 
This chapter has described the formation of joints in rocks and their importance when 
creating excavations.  Joint properties and their importance have been described.  The 
various methods used when collecting joint data have been presented.  A review of joint 
network modelling and how these models can be used to evaluate rock block stability and 
slope stability have also been discussed in this chapter.  The following chapter will describe 
the joint and rockfall mapping that was carried out at two underground platinum mines. 
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3 Underground Joint and Rockfall Mapping 
The previous chapter provided an in-depth description of joint properties, their importance 
and methods used in collecting them.  Presented in this chapter is a detailed description of a 
joint and rockfall mapping programme.  The success of this field exercise hinges on 
conducting the underground mapping programme at a suitable site. 
3.1 Mapping site selection 
The purpose of obtaining joint and rockfall data underground was to enable correlation 
between actual rockfalls and statistically simulated rockfalls based on the measured joint 
data.  Once confidence has been established in the statistically simulated rockfalls using the 
joint data, forward analyses of expected rockfalls for future mining areas can then be carried 
out.  In order to have confidence in the usefulness of the joint data to be acquired for the 
correlation process, a thorough process of selection of suitable mapping sites was 
undertaken. 
 
There are two main mineral deposits that are being exploited in South Africa, i.e., the gold 
bearing Witwatersrand deposit and the platinum group metals and chromium bearing 
Bushveld Complex.  The Bushveld Igneous Complex is a huge layered igneous intrusion, in 
which platinum group metals, comprising almost 70 % of the world’s known resources, are 
concentrated into two exploitable horizons, that is the UG2 and Merensky reefs.  The 
Bushveld Complex was selected as the candidate mapping environment because it is often 
characterised by blocky hangingwall conditions as evidenced by mine accident statistics 
from the DME.  Mining in this area is currently taking place at shallow to medium depth.  The 
stresses associated with these mining depths vary from low to medium stress which is 
favourable for gravity driven rockfalls in the stope hangingwall due to the low clamping 
stresses.  Therefore, most rock mechanics related challenges in this area are often driven by 
the blocky nature of the hangingwall.  However, the ground conditions in this environment 
vary from mine to mine, with some mines having competent and non-blocky hangingwalls.  A 
search was made for a mine with a considerably blocky hangingwall and where rockfalls are 
experienced after each blast.  Additionally, the selected mine had to have a well maintained 
rockfall database for comparison purposes.  This search was done through communication 
with mine rock mechanics personnel, by studying mine plans, by analysing rockmass ratings 
and by visiting the candidate mine sites.  The selection process for a site appropriate for 
correlation of rockfalls eventually led to two suitable stopes for each reef (UG2 and 
Merensky) at a platinum mine in the Bushveld Complex.  An additional site (site B) was 
 27
selected at a different platinum mine with very blocky Merensky reef hangingwall conditions 
for testing the rockfall prediction model. 
3.1.1 Mine A site description 
Joint and rockfall mapping was carried out in the UG2 and Merensky reef stopes at Mine A.  
On each of these reefs, the mapping took place on two stopes in which active mining was 
taking place, and these will be described in this sub-section.  The summary information on 
the mapping area covered for both the Merensky and UG2 reefs during the mapping 
exercise is presented in Table 3-1.  For each stope, reference positions were marked on the 
excavation walls from the start position of the mapping programme and the face advance 
measured up to the end of the mapping exercise.  This information is important for the 
purpose of normalising the mapped rockfalls to the area mined. 
Table 3-1: Mapping area covered 
Stope 
Face 
Advance(m) 
Face 
Length(m) 
Area 
(m2) 
Merensky 1 South 18 29 513 
Merensky 2 South 15 23 338 
UG2 4 North 20 28 552 
UG2 3 North 10 28 280 
UG2 Reef 
The two panels selected for the mapping exercise in this reef were on the same raise line 
and are shown on the plan in Figure 3-1.  They are at a depth of approximately 674 m below 
surface. The dip and dip direction of these stopes is 10⁰ and 045⁰ respectively.  For the UG2 
reef, mapping was mostly done on the 15C53 4N stope.  The 15C53 3N stope was stopped 
two weeks into the mapping programme because of the bad hangingwall conditions brought 
about by the pothole shown on plan.  The mining face of the 15C 53 4N stope was 28 m long 
and 52.4 m from the main raise line, close to the end of the mapping programme.  There 
was no other significant mining that could have influenced the stress regime in the stope 
hangingwall, nor significant geological structures in the immediate vicinity of these stopes.  
These two factors can influence potential for rockfall occurrence. 
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Figure 3-1:  Mapped stopes on the UG2 reef 
Merensky Reef 
The two stopes selected for the mapping exercise in the Merensky reef are shown on plan in 
Figure 3-2 and are at a depth of approximately 1093 m below surface.  The dip and dip 
direction of these stopes are 10⁰ and 045⁰ respectively.  Most of the mapping for the 
Merensky reef was done in the 23 42 1S stope.  When the mapping programme began, the 
23 42 2S stope was still being ledged.  Production mining of this stope commenced two 
weeks into the mapping programme.  The mining face for the 23 42 1S stope was 
approximately 29 m long and 75 m from the main raise line at the end of the mapping 
programme.  There was no other significant mining that could have influenced the stress 
regime in the stope hangingwall, nor significant geological structures in the immediate 
vicinity of these stopes.  These two factors can influence potential for rockfall occurrence. 
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Figure 3-2: Mapped stopes on the Merensky reef 
3.1.2 Mine B site description 
Joint mapping was carried out in a total of five stopes and a gully development in the 
Merensky reef hangingwall at mine B.  Joint mapping was not done on the UG2 at this mine 
reef because it was considered not to be significantly jointed to pose rockfall related hazards 
to the same magnitude as the Merensky reef.  The mapped areas covered a vertical 
distance of approximately 500 m and slightly over 3 km of strike length of the main working 
areas of this reef.  Mining was taking place at an average depth of 650m below surface.  A 
list of the areas mapped and the number of joints intersected per scanline is presented in 
Table 3-2.  An extra hangingwall development was mapped in a strike gulley in order to 
obtain a three dimensional view of joints in the hangingwall of the stope.  At this site, a 
normal fault displaced the reef downwards whilst exposing the reef hangingwall at the same 
time. 
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Table 3-2: Summary of locations mapped and scanlines 
Location Scanline start position position No of joints Scanline 
Length (m) 
Stope 1 Peg D1431 +6.4 m from gulley into stope on dip 25 6.41 
Stope 1 D1212 in gulley 42 15.45 
Stope 2 Peg D1745+2.6m on dip+3.1m on strike 100 20.85 
Stope 3 Peg R8285 +2.5m on dip 10 3.52 
Stope 3 Peg R8284 on strike 25 5.59 
Stope 4 Peg D1752 + 1.78 from gulley into stope 33 14.77 
Stope 4 Peg D1752 on strike in gulley 27 5.90 
Stope 5 Peg D1239 + 4.2m into stope 73 20.26 
Stope 5 Peg D1282 + 6.3m from ASG 62 20.02 
Gully 5m from centre gulley into strike gulley 21 5.00 
Total 418 117.77 
3.2 Underground Joint Mapping Procedure 
Joint information is required in order to provide data for the generation of potential keyblocks 
for use in a statistical stability analysis simulation.  This section describes the method used 
to obtain the joint data.  The scanline joint mapping technique (section 2.4.2) was employed.  
Its relative ease of use, cost and comprehensiveness in collecting joint information favoured 
its selection over the other methods.  This method is also ideal for obtaining joint properties 
for use in a statistical keyblock stability analysis as it can provide statistical distributions for 
each joint property. 
 
In carrying out scanline mapping underground, a measuring tape was laid on the stope 
hangingwall by tying it at short intervals to the support elements in order to make it taut.  To 
reduce joint orientation bias, two tapes were laid on the hangingwall orthogonal to each 
other such that joints sub-parallel to one tape would be intersected by the other tape.  At 
Mine A, one tape was laid parallel to the face, from the bottom of the panel (approximately 
28 m long) to the top, whilst the other tape was laid parallel to the gulley (scanline at least 
30 m long).  Thorough washing down of the hangingwall surface, carried out before the 
mapping exercise, assisted in joint identification and collection of joint properties.  Blasting 
and stress induced fractures were excluded from the mapping exercise.  All joints greater 
than 0.5 m in length that intersected the scanline were considered to be of significance and 
were mapped for orientation, location, length and shear strength properties (joint roughness 
and alteration numbers).  This 0.5m (lower limit) cut off joint length has also been used by 
Dight and Baczynski (2009). 
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The joint orientations were measured using a Breithaupt compass.  This instrument has the 
advantage of simultaneously recording both the dip and dip direction of the joint.  Care was 
taken in taking the orientations as far away as possible from the magnetic influence imposed 
by metallic objects, in particular roof bolts.  An investigation of the magnetic influence of the 
orebodies on the compass was carried out, and this was found to be negligible. 
 
The location of the joint is the distance along the tape to the point where the joint crosses the 
tape.  The length of the joint was measured as the strike extent of the joint where it 
intersects the hangingwall.  The joint shear strength properties were recorded using the 
method described by Barton (2002).  The joint walls and infill material were examined by 
visual analysis, by rubbing hands on surfaces and by gouging out the infill to determine its 
properties.  The orientation of each scanline was also recorded as this is important for 
spacing error correction as illustrated in section 2.4.1.  This exercise was repeated a number 
of times both on dip and strike as the mining face advanced.  All the information collected 
was recorded on log sheets, which are presented in Appendix A.     
3.3 Joint Data Analysis 
After completion of the joint mapping exercise, the initial step in the analysis of the joint data 
is to group the orientations into sets of sub-parallel joints.  For this purpose, the recorded 
joint orientations were processed into distinct joints using DIPS, a Rocscience (2001) 
program designed for the clustering and analysis of joint orientation data.  Since a magnetic 
compass was been used in collecting the orientation data at mine A, a magnetic declination 
of 17 degrees west (source) at this mine was used to effect a correction on the recorded 
orientation of the joint data to obtain the true orientation in DIPS.  Similarly for mine B, a 
magnetic declination adjustment of 15 degrees west was effected on recorded joint 
orientations to cater for magnetic declination in the area in which the mine is located.  The 
mean and standard deviation of the joint sets are then obtained as outputs from DIPS.  The 
clustering of joint orientations is a very important step in processing joint properties as it 
reduces the size of the problem to be analysed.  This ideology is supported by observations 
of keyblock failures in a pilot tunnel by Hatzor and Goodman (1992) which showed that 33 
out of 35 failures were bounded by a maximum three joint sets. 
 
Since joint lengths were challenging to measure accurately underground due to limited 
exposures, average joint lengths have been calculated from the recorded approximations.  
The most prominent joint sets (with the highest number of poles) and longest joints from 
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mapping were given the longest lengths in the joint parameters.  This is consistent with 
observations in the Bushveld Complex open pit platinum mines by Bye and Bell (2001) 
which suggest that some of the prominent joints are continuous laterally and vertically over 
hundreds of metres.  The approach adopted in allocating joint length is also supported by 
extensive joint mapping experience from other sites (Call et al, 1976), which pointed out that 
minimum joint length is more accurately defined than maximum length because of limited 
joint exposures. 
 
Joint spacing has been determined as the distance between successive joints of the same 
set.  The location of joints in a set is used for calculating joint spacing for that particular set.  
This procedure is repeated for all joint sets defined in DIPS.  In order to obtain the true 
spacing, an orientation bias is applied using the relative angle between the joint set and the 
scanline as described in section 2.4. 
 
Joint friction angles have been calculated per each joint set based on the Barton (2002) 
model as described in section 2.4.1.  In general there are three clusters of joint friction angle 
data.  The first cluster is composed of the joints with sepentinite infill of varying thicknesses, 
the second is made of calcite infill joints, and the last, joints without any infill (Table 3-3).  
Within these clusters, the thickness of the infill material affects the friction angles.  This 
information was used when calculating the friction angles. 
Table 3-3: Joint infill descriptions and friction angles 
Joint infill Description Thickness (mm) Jr Ja Friction Angle (°) 
Serpentinite 1 2 4 27 
4 2 8 14 
Calcite 1 3 2 56 
2 3 4 37 
No infill 1 3 1 72 
 
A normal distribution curve has been fitted to the friction angle data in order to obtain the 
mean and standard deviation for each joint set.  An example of curve fitting is presented in 
Figure 3-3 for the Merensky J1 joint set.  The friction angle values have been grouped per 
each joint set and have been plotted on the graphs (red curve).  A normal distribution curve 
(blue curve) has been fitted ton these graphs to obtain the best fit curve and mean and 
standard deviation to best represent the friction values per joint set.  A full set of curve fitting 
of friction angles per each reef and joint set are presented in Appendix C.     
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Figure 3-3: Friction angle distribution curve for Merensky J1 set 
3.4 Joint Mapping Results 
The joint mapping results described here provide inputs for use in the statistical keyblock 
generation and support system testing software package JBlock.  Since JBlock is statistical 
keyblock stability software, the variation of the joint properties from their mean values has 
been calculated and is presented in this section as well. 
3.4.1 UG2 reef at Mine A 
For the UG2 reef, a total of 273 joint occurrences were mapped over a total scanline 
distance of approximately 205 m.  The joint orientations from mapping have been plotted as 
poles in DIPS for the purpose of further processing of the joint data.  Clustering of the joint 
orientation poles has resulted in the delineation of two main joint sets and two random sets 
as shown in Figure 3-4.  The poles of the joints in each set can be differentiated by a distinct 
colour.  The most prominent joints, J1 and J2 are the most frequent as signified by them 
having the greatest numbers of poles in the DIPS pole plot.  Correspondingly, the joint 
spacings for these two joint sets are small compared with the other less frequent, random 
joints, which are sparsely spaced.  Summarised joint properties from this analysis are listed 
in Table 3-4. 
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Figure 3-4: DIPS pole plot of mapped joints on UG2 reef. 
Table 3-4: Summarised joint properties for UG2 reef 
Set 
Orientation (⁰) Friction Angle (⁰) Spacing (m) Length (m) 
Dip Dip Direction Mean St dev Min Avg Max Min Avg Max 
Mean St dev Mean St dev 
J1 82 7 029 20 35 15 0.11 1.27 12.4 20 40 50 
J2 90 6 078 21 35 20 0.10 1.03 9.5 15 30 40 
R1 39 13 014 8 35 20 10 20 30 2 4 6 
R2 71 9 153 38 35 20 5 15 25 1 3 5 
*Note: Parting plane recoded at 2.5m ± 0.5m into hangingwall, tensile strength 15kN ± 2kN 
Three of the four joint sets defined for the UG2 reef are steep dipping with dips ranging 
between 71° and 90°.  The other joint set is comprised of low angled joints.  The low angled 
joints are critical in defining keyblocks that will eventually fall out from the hangingwall.  A 
parting plane representing chrome stringers or triplets in the UG2 hangingwall was 
established from the geology department at the mine.  The parting plane is often involved in 
creating loose keyblocks in the hangingwall.  All the joint properties used in JBlock for the 
UG2 reef are listed in Table 3-4. 
3.4.2 Merensky reef at Mine A 
A total of 304 joint occurrences were mapped over a total scanline distance of approximately 
187 m on the Merensky reef hangingwall.  Clusters of joint orientations have been identified, 
delineating three main joint sets and one random set as shown by the DIPS pole plot in 
Figure 3-5.  Each colour on the pole plot represents the joints in a distinct set.  The most 
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prominent joints, J1, J2 and J3 are the most frequent as signified by them having the 
greatest numbers of poles in the DIPS pole plot.  Summarised joint properties from this 
analysis have been presented in Table 3-5.  It is apparent from this that the degree of 
jointing in the Merensky reef stope hangingwall is greater than that in the UG2 reef stope 
hangingwall at Mine A. 
 
Figure 3-5: DIPS pole plot of mapped joints in Merensky reef 
Table 3-5: JBlock joint input properties for Merensky reef 
Set 
Orientation (⁰) Friction Angle (⁰) Spacing (m) Length (m) 
Dip Dip Direction Mean Stdev Min Avg Max Min Avg Max 
Mean Stdev Mean Stdev 
J1 82 8 024 19 41 17 0.11 0.66 8.40 20 40 50 
J2 86 9 334 23 42 20 0.16 1.63 9.1 15 30 40 
J3 88 9 268 29 38 18 0.13 0.87 4.10 2 8 15 
R 32 15 148 50 45 15 5.00 7.60 9.00 8 10 13 
 
The majority of the joints for the Merensky reef are steep dipping with three of the four 
having a steep dip ranging between 82° and 88°.  The other joint set consists of low angled 
joints, which, as indicated above, are important in that they provide keyblock release 
surfaces.  All the joint properties used in JBlock for the Merensky reef are listed inTable 3-5. 
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3.4.3 Merensky reef at Mine B 
Work on the stope hangingwall of this reef resulted in 418 joints being mapped on a 
combined scanline length of 117.8 m.  There is a large scatter of poles, with the majority of 
the joints being sub-vertical, as illustrated by the pole plot in Figure 3-6.  Although the joints 
could be clustered into six different joint sets, the four most common joints observed have 
been used in the analysis, because not more than four joint sets were identified at a single 
location during mapping of the individual areas.  The processed average orientation and 
properties for the joints on this reef are listed in Table 3-6. 
 
Figure 3-6: DIPS pole plot for Mine B joints 
Table 3-6: JBlock joint input parameters for Mine B 
Set 
Orientation (⁰) Friction Angle (⁰) Spacing (m) Length (m) 
Dip Dip Direction Mean Stdev Min Avg Max Min Avg Max 
Mean Stdev Mean Stdev 
J1 88 8 062 22 33 15 0.10 0.82 5.50 30 50 60 
J2 83 7 107 21 33 15 0.14 1.32 6.70 25 40 50 
J3 88 8 161 23 35 18 0.11 0.65 2.30 15 20 25 
J4 39 10 094 21 35 15 0.12 1.94 6.30 15 25 30 
3.5 Underground Rockfall Data 
The thorough selection process for ideal underground mapping panels described in section 
3.1 was focused on collecting a sizeable set of rockfalls for use in a statistical analysis.  The 
mapping of rockfalls underground was carried out in the same stopes in which joint mapping 
had been done at mine A.  The main objective of this activity was to record a set of actual 
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rockfalls and their respective properties, and use this information for comparison with 
statistically simulated rockfalls using the mapped joint data in the same area. 
3.5.1 Data Collection 
The mapping programme involved the mapping of joints and recording of all the rockfalls that 
occurred in both the UG2 and Merensky reefs in the selected stopes.  To carry out the 
mapping, the morning shift re-entry team was accompanied as the team members entered 
the stopes.  During re-entry, rockfalls in the stope hangingwall would be identified.  A rockfall 
is generally identified by the mould it leaves in the hangingwall after it has fallen out.  In 
some instances rockfalls can be identified as they occur, i.e. when barring out loose blocks 
to make a working area safe.  All the rockfalls were noted, whether they occurred with the 
blast or whether they were a result of barring.  For identification purposes, paint was used to 
mark the boundaries of the mapped rockfall mould.  When inspecting the same stope after a 
subsequent blast, a check was made for new rockfalls and any further increase in the size of 
a previously mapped rockfall mould, by inspecting the paint marks on its boundary.  In order 
to facilitate identification of new rockfalls or extension of existing rockfalls, thorough watering 
down of the hangingwall had to be done to make the rockfall mould paint marking visible. 
 
In collecting rockfall data, a measuring tape was tied to the stope hangingwall, parallel to the 
mining face, in order to record the rockfall location distance from the gulley.  Properties 
describing each rockfall were recorded and are listed below: 
• When and how the rockfall occurred, i.e. with the blast or by barring; 
• Distance of the rockfall from the gulley; 
• Distance of rockfall from the face; 
• Whether the rockfall failed any support units or not; 
• Rockfall shape, to assist in a more accurate volume approximation; 
• Average dimensions of the rockfall.  The following convention was adopted in 
recording this data: 
1. Rockfall length was assumed to be the distance on the rockfall that is almost 
parallel to the mining face; 
2. Rockfall width was assumed to be the distance on the rockfall that is 
perpendicular to the mining face; 
3. Rockfall height was taken as an average height on each rockfall; 
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• The condition of the release surfaces on the rockfall, i.e. whether it is a joint or blast 
fracture.  Signs for poor drilling in the hangingwall where the rockfall took place were 
recorded; 
• The properties of all the rockfall release surfaces, i.e. orientation, joint roughness 
condition and joint alteration; 
• Record any subsequent increase in the size of the rockfall. 
All this information was recorded on log sheets, as shown in Appendix B.  The identification 
and mapping of rockfalls on the stope hangingwall was a repetitive process. 
3.5.2 Results 
The data acquired from the rockfall mapping program has been processed in order to gain a 
better understanding of the rockfalls.  The statistics of rockfalls mapped underground and 
their respective time of failure are listed in Table 3-7.  The rockfalls have been categorised 
as failure during blast, by barring, or the cause of the rockfall being unknown.  The rockfalls 
that occurred during the time when the team took the one week break could not be 
ascertained with confidence when and how they fell.  The effectiveness of barring was then 
determined as a percentage of the total rockfalls mapped.  From this analysis it can be 
observed that most of the recorded rockfalls occurred during the blast. 
Table 3-7: Rockfall mapping data 
Reef Blasting Barring Unknown Total % Falls due to blast 
Merensky 53 40 34 93 57  
UG2 37 8 7 45 82 
Total 90 48 41 138 65  
 
An analysis of the joints forming rockfall release surfaces has been performed.  The first part 
involves processing orientations of the joints that formed the release surfaces of rockfalls 
using DIPS.  In grouping the rockfall release surface orientation poles into sets, a similar 
approach has been adopted to that used for the joints in section 3.3.  The orientation pole 
concentrations of the joints that were part of the release surfaces of the rockfalls for UG2 
and Merensky reefs are shown below in Figure 3-7 and Figure 3-8 respectively.  It is worth 
noting that the pole concentrations identified from joint mapping in section 3.3 (Figure 3-4 
and Figure 3-5) are related to those found in rockfall mapping.  This is to be expected as the 
geotechnical domain for joints and rockfalls is similar. 
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Figure 3-7: DIPS pole plot of mapped rockfalls on UG2 reef 
 
 
Figure 3-8: DIPS pole plot of mapped rockfalls on Merensky reef 
The predominant joints defining the rockfall release surfaces are listed in Table 3-8 below.  
Two steep joints J1 and J3 combined with the shallow dipping random joint (R) are the 
predominant block-making joints for the Merensky reef rockfalls.  A similar trend can also be 
observed for the UG2 rockfalls - the rockfall release surfaces here are the steep J1 and J2 
joints, which, in combination with the shallow random joint R, delineate the rockfalls.  In both 
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reefs the shallow joints are critical for delineating and providing a release surface for 
keyblocks. 
 
Some rockfalls as shown in the table, however, had fractures (F) forming some of the 
release surfaces of the rockfall wedges.  It could not be established with confidence whether 
these fractures were formed as a result of blast or stress effects on the rock.  Fractures also 
contributed to keyblock release surfaces, particularly for the Merensky reef, where there was 
a significant number of low angle blast fractures recorded. 
Table 3-8: Joint sets resulting in rockfalls 
Reef 
Number of Rockfalls 
Joints per 
Block Significant sets 
J1 J2 J3 R F Max Min 
Merensky 103 57 74 86 47 4 2 J1,J3 &R 
UG2 45 39 - 39 17 3 2 J1,J2 &R 
 
It is interesting to note that there are some rockfalls that are bounded by only two joints.  
This type of wedge forms when two sub-vertical joints opposing each other intersect on an 
undulating hangingwall.  In the Merensky and UG2 reefs, a maximum of four and three joints 
respectively formed the surfaces of loose keyblocks.  These observations can be related to 
observations made by Hatzor (1992) when analysing rockfalls in a tunnel, where 97% of the 
69 rockfalls recorded were bounded by three joints only.  Tharp (1985) and Goodman (1995) 
also concur that averages of three joint sets in general define a keyblock.  Also, from this 
mapping exercise, the average number of joints per block is reflective of the degree of 
jointing for the each reef hangingwall, with the Merensky reef hangingwall being more jointed 
than the UG2 reef. 
 
The shapes of the rockfall moulds have been used in determining the base areas and 
volumes of the rockfalls.  The typical shapes of the recorded rockfalls are wedges, pyramids 
and tetrahedrons.  These shapes could be truncated in some instances.  Consideration of 
the rockfall shape is important for an accurate approximation of the keyblock base area and 
volume.  The rockfall volumes, areas and heights from underground mapping are shown in 
Figure 3-9, Figure 3-10 and Figure 3-11 respectively.  In these figures, each case is 
represented by two graphs, one for all the rockfalls and the other for rockfalls that had no 
fractures.  It can be observed from the graphs that almost two thirds of rockfalls recorded in 
the Merensky reef had no fractures on them whilst on the other had approximately three 
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quaters of the UG2 rockfalls did not have fractures as part of the block release surfaces.  
This is important for a comparative analysis with JBlock, since JBlock is reporting rockfalls 
created by joints only.  The rockfalls have been normalised per one thousand square metres 
mined. 
 
Figure 3-9: Frequency distribution of rockfall volumes 
 
Figure 3-10: Frequency distribution of rockfall areas 
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Figure 3-11: Frequency distribution of rockfall heights 
The rockfalls identified during the mapping exercise for both reefs represent the small size 
rockfalls category.  No rockfalls, which might have occurred subsequently, were mapped in 
the back areas during this period.  It is suspected that the majority of the large rockfalls 
would occur in the back areas after the mining face has progressed a considerable distance 
from the gulley.  The Merensky reef registered more rockfalls per thousand square metres 
mined than the UG2 reef.  This corresponds with the observed relatively higher degree of 
jointing for the Merensky reef than the UG2 reef.  The mapped rockfalls mapped here were 
within 4 m of the working face. 
 
The locations of recorded rockfalls are shown in the density contour plots in Figure 3-12 and 
Figure 3-13 for the UG2 and Merensky reefs respectively.  The rockfalls occurred at an 
average distance of 1.30 m and 1.69 m behind the face for the UG2 and Merensky reefs 
respectively, indicating that the UG2 rockfalls occurred closer to the face than the Merensky 
rockfalls.  For comparative purposes, the 4 m boundary for the recorded rockfalls 
corresponds with the face area defined in JBlock. 
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Figure 3-12: Rockfall location contour plot for UG2 reef 
 
Figure 3-13: Rockfall location contour plot for Merensky reef 
3.6 Summary 
The mapping of rockfalls and joints at two mines has been described.  Also presented in this 
chapter are the methods used in mapping joints and rockfalls and the analysis of these data.  
The results show varying degrees of jointing and frequency of rockfalls between the different 
reefs and mine locations.  The Merensky reef at mine A is more jointed compared with the 
UG2 reef, resulting in a greater number of rockfalls recorded, and corresponding with the 
closely spaced joints.  In the following chapter, the mapped joint data will be used to 
simulate rockfalls, which will be correlated with actual rockfalls mapped underground. 
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4 Statistical Keyblock Stability Analysis, Calibration 
and Validation 
The occurrence of rockfalls in the South African platinum mines is often associated with a 
combination of geological structures.  Chief amongst these geological structures are joints 
because they are generally more densely populated than any other geological structure in 
undisturbed rockmasses.  The previous chapter focused on collecting joint and rockfall data 
from underground mines.  This chapter provides a review of keyblock simulation and stability 
analysis techniques.  Also to be described here is how a simulated set of rockfalls has been 
correlated with actual rockfalls that occurred underground so as to build confidence in the 
use of statistical keyblock stability methods in predicting rockfalls.  This tool is useful for 
planning future mining support alternatives ahead of mining, in addition to the use of 
engineering judgement on the part of the rock engineering practitioner in the selection of 
stope support systems. 
4.1 Review of keyblock stability analysis methods 
Excavation design to ensure stability of potentially unstable keyblocks in jointed rockmasses 
can be carried out empirically, analytically or numerically.  Empirical design methods have 
been applied in the support design to stabilise anticipated loose rock blocks using rockmass 
classification (Barton, 1976; Barton et. al, 1974; Grimstad and Barton, 1993; Bieniawski, 
1973; Bieniawski, 1976; Bieniawski, 1989).  These methods are normally applied when there 
is limited geotechnical data obtained from boreholes during the initial stages of design and 
mining.  Success in the use of empirical methods in similar ground conditions for rock 
engineering design varies from site to site.  The underlying weaknesses of this design 
approach are that site specific conditions such as geometry of the excavation and the 
geometrical properties of the joints are not taken into account explicitly in the design 
process.  The importance of joint properties with regard to the stability of an excavation has 
been described earlier in section 2.4.1.  During the construction stage of an excavation, rock 
surfaces are exposed and additional geotechnical data on the joints can be obtained.  Armed 
with this additional information, analytical and numerical methods can be applied in design.  
 
Analytical methods in analysing blocky rockmasses have been used widely in analysing 
single rock blocks, determining the stability of potential keybocks with or without support.  
One of the main analytical methods is Block Theory which has been used widely in 
analysing the stability of keyblock where joints have been encountered. 
 45
4.1.1 Block Theory 
This theory to evaluate the stability of keyblocks, was developed over a number of years by 
Shi and established by Shi and Goodman (1981; 1985) and Goodman (1995).  Block theory 
was initially developed to analyze sliding and translational failure modes only because these 
are the most prominent block failure modes in the field.  However, Mauldon and Goodman 
(1990) extended this theory to also take into account rotational failure modes.  This 
extension of block theory is however limited to tetrahedral blocks with three joint sets only.  
Application of block theory is limited to stability analysis in a hard and blocky rockmass 
where the strength of the intact rock material exceeds the strength of the joints in the rock 
mass. 
 
The underlying idea behind block theory is in the identification of ‘keyblocks’.  A block is 
defined as any mass of rock bounded either by discontinuity planes entirely or by 
discontinuity planes and the excavation surface.  A keyblock, also referred to as a keystone 
(Shi and Goodman, 1981; Warburton, 1983), is a kinematically unstable block on an 
excavation surface.  Keyblocks are important in rock excavations in that, if they are not 
supported, they will be the first to slide or fall into the excavation.  It has been shown by 
various authors, including an experiment by Lang (1962) that once a keyblock has been 
adequately supported to inhibit movement, the other blocks surrounding it will not be free to 
slide into the excavation.  If there are no measures put in place to stabilise the excavation 
and stop the movement of the keyblocks, the failure of these surface blocks will allow failure 
of subsequent blocks.  This failure process may then continue until natural arching in the 
rock mass prevents further unravelling, or until the opening is full of fallen material and this 
material then acts as a restraint.  Shi and Goodman (1981) recorded a case in the Kenamo 
Headrace tunnel where a void of about 20 000 m3 in volume extended 42 m above a 7.5 m 
diameter unlined tunnel in a granite rock mass.  In a similar case in China, a railroad tunnel 
in limestone collapsed progressively to a height of 60 m above the original roof.  In both 
incidents, failure of the tunnel initiated with a keyblock and progressed to subsequent blocks. 
  
Given this background it is crucial to evaluate keyblock stability to avoid exposing personnel 
to unsafe conditions, and also to avoid production losses as a result of rockfalls.  Rock 
blocks created by the intersection of joints and an excavation surface are generally classified 
into six types as shown in Figure 4-1 below (Goodman and Shi, 1985) and described in 
Table 4-1. 
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Figure 4-1: Potential block types (after Goodman and Shi, 1985) 
Table 4-1: Block Types (after Goodman and Shi, 1985) 
Block Type Description 
I: Key Block Block has a safety factor < 1 or moves in the direction of resultant driving force 
II: Potential Key Block Block has a factor of safety > 1 with friction only preventing the block from moving 
III: Safe Removable 
The block is delineated by joints and the excavation face but not free to move because of its 
geometry 
IV: Tapered(Non- 
Removable) Block 
Block does not pose danger to an excavation as the delineated block is not free to move into the 
excavation. This block is formed when a finite block formed by joint half spaces alone is intersected 
by an excavation. 
V: Infinite Block This block is of no hazard to the excavation 
VI: Joint Block Block made of joint half spaces alone and has no face on the excavation perimeter 
 
Since it is difficult to take into account the true nature of joint properties in reality, Goodman 
and Shi made a number of simplifying assumptions “approximate” joints in rock masses in 
order to use block theory: 
• All joints are assumed to be perfectly planar 
• Joints are assumed to be continuous through the volume of interest i.e. no joint 
terminates within the region of a key block (this assumption is an over-simplification 
of reality as joints are not continuous at all times). 
• Blocks are only formed by pre-existing joints and no new joints are formed.  
• Blocks defined by the joint system are assumed to be rigid, i.e. no block deformation 
will take place. 
• Excavation and discontinuity surfaces are predetermined and the nominal surface is 
normally used. 
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Excavation surfaces mainly considered in key block analysis are single planar excavations.  
Adaptation of block theory to circular excavations has been done by the use of traces 
(Goodman and Shi, 1989).  Traditionally, vector methods or graphical methods using a full 
sphere stereonet were used to solve the keyblock stability problem using Block Theory 
(Croney et. al., 1978; Warburton, 1983; Goodman and Shi, 1985, Goodman 1989).   
 
The result of block theory assuming that the joints forming keyblocks are continuous and 
long, and other joint properties are at their mean values, is that calculated volumes of the 
keyblocks are overestimated.  This concept of the maximum keyblock is dependent on the 
joint orientations only and is independent of joint spacings and lengths.  The analysis by 
Goodman and Shi (1989) does not cater for the statistical variability of the joints sets.  A 
comparison of the deterministic and statistical block theory methods was done by Windsor 
and Thompson (1997).  They observed that very large or maximum keyblocks are created 
using deterministic methods.  The dimensions of these large or maximum keyblocks are 
important for establishing the minimum safe depth of embedment of a bolt.  In contrast, 
statistical approaches provide the full range of keyblock sizes, inclusive of the small blocks 
likely to fall in between support units (Chan and Goodman, 1987; Windsor and Thompson, 
1997).  The small blocks are of concern in that they add to ore dilution and may cause injury 
to workers.  In a study towards the elimination of rockfall hazards, Potvin et.al (2001) 
investigated more than 750 rockfalls.  Their data showed that the majority of rockfall injuries 
(91%) are from rockfalls of less than 2 tons and occurred within 10 m of active working 
faces.  A further example is the Hex River Tunnel (SRK Internal Report, 1986), in which 81% 
of the rockfalls recorded (61events) occurred during the excavation cycle at the face, whilst 
only 19% occurred behind the face.  This indicates the importance of adequate areal support 
coverage in the form of safety nets or other means to prevent injuries caused by these small 
rockfalls (Fernandes and Gardner, 2011; Skarbøvig et. al, 2011; Daehnke et al. 2001).  The 
conclusion of the comparison of methods by Windsor and Thompson (1997) was that both 
methods should be used in the design of appropriate support for a blocky rock mass. 
 
Vector methods in block theory are now built into software packages, facilitating keyblock 
analyses.  Among these is Siromodel (Read and Ogden, 2006), Rock3D (Geo&Soft, 1999), 
SWEDGE (Rocscience, 2006), UNWEDGE (Rocscience, 2007), and SATIRN (Priest and 
Samaniego, 1998).   
 
A simple form of keyblock analysis was described by Haines (1984) and Stacey and Haines 
(1984).  In this method joint traces are created in two dimensions from joint data mapped in 
the field.  An excavation outline is then superimposed on the joint traces and the closed 
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shapes involving the joints and the excavation identify the potential keyblocks for that 
particular excavation.  The joint traces can be created in three orthogonal planes and 
excavation surfaces superimposed in each of these planes. In this way the three 
dimensionality of the problem is conserved which is critical for any block stability analysis 
(Gumede, 2006; Gumede and Stacey, 2006; Stacey and Gumede, 2007; Stacey et al, 2005).  
These approaches allowed the probability of keyblock failure to be determined based on 
geometrical considerations only, not considering joint shear strengths. 
 
Although rock engineering design has commonly used deterministic approaches, and 
continues to do so, probabilistic design methods are being introduced (McCullagh and Lang, 
1984; Stacey, 1989; Terbrugge et al, 2006; Beauchamp et al, 1998; Dunn et.al 2008; 
Pierpaolo, 2005; Langston et.al, 2007; Leung and Quek, 1995; Einstein, 2003).  A 
probabilistic design approach is largely motivated by the high degree of variability in the rock 
mass properties.  A rock mass is usually made up of different rock materials and geological 
weakness planes.  The rock mass information obtained from the field normally corresponds 
with the sampling location and may be different at other sampling locations.  The variability 
in these properties motivate for a probabilistic approach when evaluating rockfall occurrence 
potential using joint data. 
 
Using the power of block theory, Esterhuizen (2003) developed a probabilistic keyblock 
stability program, JBlock in which statistical distributions of orientation, length, spacing and 
friction angle of joints are taken into account.  In the package, these parameters and their 
variabilities are sampled randomly to generate theoretically possible keyblocks, and to 
evaluate the stability of these keyblocks, taking into account joint shear strengths and 
installed types of supports, their locations and spacings.  The outputs of the analyses are the 
distributions of the possible keyblocks of different volumes, and the distribution of the 
probability of failure of keyblocks.  JBlock will be used in this research and its application is 
dealt with in more detail in the next section. 
4.2 Jblock 
In line with the trend towards probabilistic design referred to in the previous section, 
analyses have been carried out to determine, theoretically, the probability of occurrence of 
rockfalls in stopes of platinum mines in the Bushveld Complex.  The measurements of actual 
rockfalls described in Section 3.5 provide a basis for evaluating the effectiveness of this 
probabilistic approach.  Specifically, using the measured joint data dealt with in Sections 3.1 
to 3.4, the statistical keyblock stability software JBlock (Esterhuizen, 2011) has been used to 
predict the occurrence of rockfalls in the UG2 and Merensky reef stopes at mine A described 
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earlier (section 3.1.1).  The approach adopted and the results obtained are described in this 
section. 
4.2.1 JBlock Setup 
The setup for a JBlock analysis involves the following: 
• Stope geometries (both UG2 and Merensky stopes) are drawn and saved as JBlock 
file formats, called an excavation file. 
• The orientations of the stope hangingwalls, the advance per blast, the advancing 
mining face and mining direction for excavation, are specified at this stage as well. 
• Support elements are added in the excavation to create a support file.  The spacings 
of the support elements are shown in Figure 4-2 and Figure 4-3 for the UG2 and 
Merensky stopes respectively.  The input properties of these supports for JBlock are 
as follows: 
- Hydrabolts: installed as grouted tendons with a peak strength of 100kN and grout 
bond strength of 320kN/m 
- Mine Poles: peak strength of 270kN 
• Hazard zones have been applied in JBlock as well for the UG2 and Merensky reef 
analyses.  These are listed below: 
- Face area: this is the zone from the face to 4 m behind the face.  This is the area 
in which most of the work in the stope, i.e, drilling, blasting, supporting and 
lashing, is done, and most of the workforce is confined to this area. A four year 
study of rock related accidents in the Bushveld Complex by Bakker (1993) 
revealed that this is the area in which the majority of accidents occur. 
- Sweepings area: this is the zone from the face area boundary going back to 
10 m.  In this region, cleaning of ore left behind during lashing is done and there 
are few man hours dedicated in this area. 
- Gulley area: this is the zone used for man access to the stope and for movement 
of ore from the stope. 
- Back area: this is zone behind the sweepings area. There is no work done in this 
area and no access by man to this zone. 
JBlock images of the excavation and support defined are presented in Figure 4-4 and 
Figure 4-5 for the UG2 and Merensky reefs respectively.  The hazard zones have been 
labelled in the JBlock excavation support support images. 
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• Jointing information from the underground mapping records is input.  This information 
includes the following for each joint set: 
- Mean dip angle, and range, minimum and maximum 
- Mean dip direction angle, and range, minimum and maximum 
- Mean joint friction angle 
- The properties for large structures such as parting planes and domes can be 
defined as well 
 
 
Figure 4-2: UG2 stope support standard 
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Figure 4-3: Merensky stope support standard 
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Figure 4-4: JBlock image of the excavation and support layout for UG2 reef 
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Figure 4-5: JBlock image of the excavation and support layout for Merensky reef 
4.2.2 JBlock Analysis 
The input data for the jointing is sampled randomly for the purpose of generating potential 
keyblocks.  The number of keyblocks to be generated in this process is specified (commonly 
1000) and thus a distribution of keyblocks can be created.  All the stochastically generated 
keyblocks are “tested” randomly in the supported stopes (i.e., placed randomly in the stope) 
to evaluate the effectiveness of the support systems in holding the keyblocks.  Keyblock 
failure can occur as a result of failure between supports, by gravity (tensile failure of bolts 
and compressive load of props or poles) or rotational failure of the supports.  A user defined 
block release profile is used in placing the keyblocks in different zones.  This profile is 
important as it is an imitation of what happens in reality where most rockfalls occur in and 
around the face area immediately after the joints bounding them are fully exposed.  Rockfalls 
gradually decrease as the distance from the face incease in the back area of the stope.  The 
weakness of this approach in JBlock at the moment is that it assumes that all keyblock sizes 
are released uniformly.  The keyblock release profile used in the analyses is partially based 
on the results of the rockfall mapping data and the historical rockfall data obtained from mine 
A.  The profile used throughout this research is shown in Figure 4-6, 65% of the rockfalls 
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have been set to fall with the blast (zone 1), 50% of the remaining rockfalls fall at the face 
area (zone 2) and 99% of the keyblocks fall within 25 m from the face. 
 
Figure 4-6: JBlock keyblock release profile 
The output from JBlock is in a spreadsheet format, providing all the information on failed and 
stable keyblocks, together with their respective properties and the zones in which they failed.  
Further processing of the rockfall information can be performed on these outputs to enhance 
the understanding of the results.  Graphical output in the form of distributions of rockfalls is 
also produced.  These outputs will be illustrated and dealt with in more detail in the next 
section. 
4.3 Correlation of Rockfall Data with Simulated Data 
In this section, the correlation of actual rockfall data with the theoretical, simulated rockfall 
data, is described.  The correlation exercise has been split into two parts, firstly for the small 
rockfalls and then secondly for the large rockfalls.  The rockfalls recorded during the 
underground rockfall mapping exercise fall into the small rockfalls category, and will be 
considered separately.  The injuries predicted to occur, based on the simulated rockfalls, will 
be compared with historical records of injuries experienced at the mine.  The rockfalls 
causing production losses due to the requirement to re-establish the stope panel will be 
analysed as large rockfalls. 
4.3.1 Small Rockfalls Correlation 
In order to carry out the correlations, JBlock has been used to simulate rockfalls in both the 
UG2 and Merensky reef stopes.  The output results from JBlock are presented in a 
spreadsheet, and include all the information on both failed and stable keyblocks, together 
with their respective properties.  Further processing of the rockfall information was carried 
out on these outputs to enhance understanding the theoretical rockfall results. 
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The joint set data from underground mapping presented in section 3.4 has been used as the 
input data for the statistical simulation of keyblocks in JBlock.  The excavation geometry 
used in JBlock is an “imitation” of the stopes in which the mapping was done, and was 
shown in section 4.2.  Using the excavation hangingwall and the joint properties, JBlock 
generated both keyblocks and non-keyblocks.  The former have the potential to fall from the 
hangingwall if they are not supported, whilst the non-keyblocks make up the remaining area 
and are always stable, even without being supported. 
 
In creating blocks for both the UG2 and the Merensky reefs a minimum volume of 0.001m3 
was specified in JBlock so as to generate blocks of similar size to those mapped 
underground.  74 497 blocks were created in JBlock for the UG2 reef, 31 824 of them being 
keyblocks and the remainder non-keyblocks.  The combined simulation area representing 
the UG2 blocks is 59 686 m2.  The distribution of block sizes obtained from this simulation is 
shown in Figure 4-9.  The keyblocks can be cartegorised as being either primary or 
seconday.  The primary keyblocks are the smallest unit of keyblocks that can be created 
whilst secondary keyblocks are bigger composite keyblocks with a number of smaller 
primary keyblocks inside them. 
 
Figure 4-7: UG2 reef small rockfall keyblock distribution 
 
In the Merensky reef stope, 64 084 blocks have been generated, 21 775 of which are 
keyblocks.  The combined simulation area represented by the Merensky blocks is 13 012 
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m2.  The distribution of block sizes obtained in the Merensky simulation is shown in Figure 4-
10. 
 
Figure 4-8: Merensky reef small rockfall distribution 
The keyblocks generated have been “tested” in the supported excavation to evaluate the 
effectiveness of the support system in holding the keyblocks and therefore preventing 
rockfalls.  The support properties and spacings used corresponded with the support 
standards at the mine, presented in section 4.2.  In reality there is a horizontal clamping 
stress in the stope hangingwall which acts to stabilize keyblocks.  JBlock assumes a 
constant stress in the hangingwall.  Clamping stresses in the stope hangingwall depend on 
the ratio of the horizontal to the vertical stress at a particular location and depth below 
surface.  In “calibrating” the JBlock simulated rockfalls with the rockmass from underground 
mapping, clamping stresses were varied in the analyses - initially, no clamping stress was 
applied when testing the keyblocks for stability; then increased clamping stress levels were 
applied to the JBlock keyblocks until a trend comparable to the mapped rockfalls was 
produced. 
 
It has been illustrated in section 3.5.2 that most of the rockfalls recorded underground were 
within 4 m from the working face.  Therefore, for comparison purposes, the JBlock results 
presented here have been screened to consider at rockfalls that occurred in the face area 
only, ie within 4 m of the working face. 
Results of the analyses are presented in the form of graphs of numbers of rockfalls per 
1000m2 against rockfall volumes and rockfall areas.  For the UG2 reef stopes, rockfall 
volume and area are presented in Figure 4-9 and Figure 4-10 respectively.  Corresponding 
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graphs for the Merensky reef stopes are presented in Error! Reference source not found. 
and Figure 4-12 respectively. For comparative purposes, the rockfalls mapped underground 
have been plotted on the same graphs as the JBlock rockfall results.  In each of these 
graphs the underground mapping results are represented by the solid green and red curves.  
The red curves represent all mapped rockfalls, inclusive of fracture bound rockfalls, whilst 
the green curves represent the mapped rockfalls that were bounded by joints only.  This 
distinction is important when comparing with the JBlock results since the JBlock rockfalls are 
bounded by joints only, not fractures.  
 
Figure 4-9: UG2 reef JBlock and mapping rockfall volume distribution 
 
 58
 
Figure 4-10: UG2 reef JBlock and mapping rockfall area distribution 
 
Figure 4-11: Merensky JBlock and mapping rockfall volume distribution  
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Figure 4-12: Merensky JBlock and mapping rockfall area distribution  
Relationship between mapped rockfalls and JBlock simulated rockfalls 
The above graphs show that excellent correlations can be obtained between the mapped 
rockfall data and the theoretically generated data.  Visually, there appears to be a better 
correlation for the Merensky stopes under low clamping stresses, for small rockfalls.  To 
quantify the agreement between one set of results  and another, a measurement of error can 
be determined.  There are several methods that can be used to define how well a simulation 
model is able to reproduce the data that are already known.  Absolute error is the magnitude 
of the differences between the exact values and the simulation values.  The relative error is 
the absolute error divided by the magnitude of the exact values.  The percent error is the 
relative error expressed as a percentage.  The L2 relative error norm is the square root of the 
sum of the difference between the exact value and the approximation squared, divided by 
the sum of the exact values squared.  The formulae for each of the error measures are as 
follows: 
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The above measures of fit are all calculated in a very similar way, where )(iue  denotes the 
exact values and )(iuc  denotes the calculated values.  When comparing the difference 
between the mapped and JBlock simulated rockfalls, the method of preference, and the one 
which is used in this study, is the L2 relative error norm, because it calculates a sum total 
error that considers all the data points on the graphs to be compared. 
 
The relationship between the simulated rockfalls and the mapped rockfalls has been 
evaluated for both volume and area properties.  The cumulative frequency of both the actual 
recorded mapping data, excluding blast fractures, and the JBlock simulated data, are shown 
in Figure 4-13 for the Merensky reef volume at 5kPa clamping stress.  The closer these two 
lines are to one another, the smaller the error, and the smaller the error, the better the 
rockfall simulation exercise.  In order to compare the data, the following need to be noted: 
• The mapped data is orders of magnitude less than that of the simulated 
JBlock data (34 actual rockfalls vs. 2348 simulated rockfalls) 
• The error measure should be applied to the range of values which 
corresponds with the minimum and maximum values of the mapped data (the 
mapped data provide these parameters as JBlock has a much wider range) 
In order to compare the results, the JBlock data was transformed or interpolated into a 
similar number of data points as the mapped data.  The 2348 JBlock values are interpolated 
into a vector containing 34 values (the sam number as the mapped data) which still 
represents the total number of JBlock values.  The interpolated values are shown in Figure 
4-13 and they are within the same range as the mapped rockfall data.  The interpolation only 
works to produce corresponding y-values for the interpolated curve.  In this way the new 34 
values for the JBlock interpolated values still represent the 2348 original values. 
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Figure 4-13: Merensky JBlock, interpolated JBlock, and mapped data representations for 
rockfall volumes at 5kPa clamping stress 
With the interpolated values, the relative error norm was calculated for area and volume 
graphs. The results of the error calculations are presented in Table 4-2 and Table 4-3 for 
volume and area respectively. 
Table 4-2: Area Correlation 
Clamping Stress % Goodness of fit 
UG2 Merensky 
0kPa 24 6 
5kPa 44 54 
10kPa 77 82 
50kPa 27 49 
Table 4-3: Volume Correlation 
Clamping Stress % Goodness of fit 
UG2 Merensky 
0kPa 48 9 
5kPa 27 66 
10kPa 18 52 
50kPa 12 36 
 
From these correlations, it can be observed that the JBlock rockfalls with no clamping stress 
have the worst representation of the mapped data for both reefs for both rockfall area and 
volume.  The 10kPa clamping stress has a good correlation for area of rockfalls but it has a 
lower correlation for volume.  However, the JBlock results for a 5kPa clamping stress are 
closest in representing the mapped rockfall data when comparing both the area and volume 
of rockfalls.  Area generally has a better fit to the JBlock simulated rockfalls than volume for 
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both the UG2 and Merensky reefs.  It is expected that the clamping stress to give the “best 
fit” for simulated rockfalls will vary with depth below surface, location of mine on the 
Bushveld Complex, and also as a result of other local structures that may affect the stress 
regime on a mine. 
4.3.2 Large Rockfalls and Injuries Correlation 
The time available for recording rockfalls underground and the small dataset of large 
rockfalls has been deemed to be inadequate to carry out a conclusive rockfall correlation 
exercise.  A larger data set, collected over many years with hundreds or thousands of 
rockfalls, and their consequences, is needed to better understand large rockfall behaviour. 
Rockfall Data 
Presented here is a set of rockfall information obtained from a number of shafts owned by 
the operators of mine A where a well-updated database of rockfalls is maintained.  In these 
records there are over 17 000 recorded rockfalls since 1969.  Most of these rockfalls are 
associated with the occurrence of a rockfall related accident.  However, on a monthly cycle, 
strata control observers at the mine record rockfalls that occur in their respective working 
areas.  In comparison with the mapped rockfalls, the rockfalls presented here represent 
mostly the large rockfalls category.  It is difficult to normalise these rockfalls to an equivalent 
area because the mining area representing these rockfalls is not known accurately.  Only the 
rockfalls that occurred in the stopes have been considered in this analysis as this was the 
focus area of this research. 
 
Figure 4-14 presents the profile of rockfall frequency versus the distance behind the working 
face at which the rockfall occurred.  The blue curve represents the historical mine rockfalls 
whilst the red curve represents the small rockfalls recorded during the course of this 
research. It should be noted that this graph represents the combined data for the UG2 and 
Merensky reef stopes mined on this property.  The graph shows that 32% of the historical 
rockfalls fell on the face and up to 70% occurred within the face working area.  Since the 
historical rockfalls are recorded on a monthly cycle or when there is an incident associated 
with a rockfall, there is a chance that the distance at which the rockfall occurs may not be 
have been recorded accurately.  Therefore it is anticipated that the actual rockfall release 
profile is lies midway between the historical data and the carefully recorded rockfalls 
presented in Figure 4-14. 
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An analysis of the rockfall sizes and the distances they are released behind the face is 
shown in Figure 4-15.  It can be observed that most of the rockfalls, irrespective of size, fall 
in the face area.  The rockfalls gradually decrease in frequency with increasing distance from 
the face.  
 
Figure 4-14: Rockfall frequency vs distance from face for mine rockfall data 
Figure 4-15: Frequency of rockfall area vs distance from face for mine rockfall data 
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Injuries Data 
An analysis of rockfall related injuries at a number of shafts over an 8 year period on this 
mine is presented in Table 4-4.  The proportions of the different injury categories have been 
calculated whilst including and excluding the non-lost time injuries.  For the purpose of 
calculating the cost of injuries, the non-lost time injuries have been excluded, as these have 
no significant financial impact. 
Table 4-4: Rockfall related injury and fatality ratios 
Year NLTI LT Reportable Fatality Stope production 
per annum (m2) 
Total Injuries 
/100 000m2 
2003 174 125 71 6 3 305 756 9.04 
2004 204 113 67 5 3 329 560 9.52 
2005 185 111 60 3 3 394 455 8.72 
2006 239 107 89 3 3 446 243 10.3 
2007 189 102 94 8 3 539 631 8.53 
2008 185 93 71 3 3 538 085 7.66 
2009 134 84 102 2 3 319 607 6.57 
2010 132 125 93 11 2 873 029 8.95 
Total 1442 860 647 41 26 746 365  
Average      8.7 
 
Considering only the lost time injuries, reportable injuries and fatalities it was established 
that an average of 8.7 injuries/fatalities occurred per 100 000 m2 mined.  This average is 
important when correlating injuries predicted from the JBlock simulated rockfalls, which will 
be described in the next chapter dealing with case studies. 
4.4 Discussion 
This chapter has provided a review of keyblock simulation and stability analysis techniques.  
Based on the joint mapping data of Chapter 3, the statistical keyblock simulation pacakage 
JBlock was used to simulate potential rockfalls.  From the presented simulation results, it 
can be concluded that there is good agreement between rockfalls predicted by JBlock and 
the actual rockfall data from underground mapping in the study areas covered, for the small 
rockfall size ranges.  The maximum rockfall sizes recorded underground were 0.23m3 and 
0.46m3 for the UG2 and Merensky stopes respectively, and these results represent the small 
rockfall size range.  There are no reliable large rockfall data for comparison purposes. 
However, injuries that have been recorded on a mine over an 8 year period provide some 
basis for comparison with predicted injury data using JBlock rockfalls.  The following chapter 
presents analyses of three case studies, comparing the effects of different support strategies 
on predicted rockfall occurrence and predicted injuries.  
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5 Case Studies 
In the previous chapter, the methodology of keyblock stability analysis was reviewed.  JBlock 
has been used to create rock blocks and test the keyblocks generated for different support 
systems.  The predicted rockfalls have been correlated and compared with actual rockfalls 
that occurred underground.  In this chapter, three Risk Evaluation case studies will be 
described.  They have been carefully selected to demonstrate the benefit of using the risk 
evaluation approach to compare the cost and safety impacts of the different support 
strategies.  The case studies are based on data collected from two mines, described in 
Chapter 3.  It is important first to consider aspects of risk in order to understand clearly the 
risk evaluation case studies. 
5.1 Review of Risk 
The concept of risk in mining has been used widely in the design of open pits (Steffen, 2007; 
Narendranathan, 2009, Terbrugge et al, 2006; Stacey, 2006; Morriss and Stoter, 1983; 
Einstein, 1996; Horsley and Medhurst 2000).  Its adoption and continued use is testimony of 
its success.  In the past, very little has been done to introduce the risk concept to design for 
underground operations.  However, more recently, the concept of quantifying risk has been 
applied to underground mining in the analysis of rockfalls (Stacey and Gumede, 2007; 
Joughin, 2010; and Rwodzi, 2011). 
 
Risk is defined as the product of the probability of occurrence of an event and the 
consequences associated with that event (Whitman, 1983; Steffen, 2007, Cockram et al, 
2004).  The events of concern to rock engineers at underground mines are seismic events, 
panel collapses, rockbursts, support failure, pillar failure, and rockfalls among others.  The 
consequences could be injury to personnel, financial losses and/or damage to the company 
image.  There are many uncertainties associated with geological knowledge of the rock 
which necessitate that the risks associated with different excavation design approaches be 
quantified.  The risk of injury as a result of a rockfall follows a chain of events as shown in 
Figure 5-1.  These events are triggered by the occurrence of a rockfall (prediction using 
JBlock in this research) and the possibility of that rockfall occupying (occurring in) the same 
space and time as a person.  Effective barring, identification of potential rockfalls and 
evacuation of people in such a place will considerably reduce the injury risk associated with 
a rockfall.  However, the occurrence of injuries is not limited to the prediction of rockfalls 
alone.  There are other contributing factors such as geological complexity, human behaviour, 
poor support installation and corrosion among others.  These factors are however difficult to 
quantify and build into the event tree and have been omitted. 
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Figure 5-1: Injury Risk event tree 
Apart from the injury or loss of life consequence itself, there are financial implications 
associated with a rockfall related injury (Rwodzi, 2011): 
• Medical costs 
• Production loss as a result of a mandatory (Section 54 of the Act) mine closure by 
the Department of Mineral Resources Inspector after a fatality 
• SIMRAC (Safety in Mines Research Advisory Committee) levies related to the mine’s 
accident record 
• Legal and consulting fees associated with the event 
These costs can be in the millions of rands for each fatality experienced at a mine. 
 
When adopting the financial approach to analyse risk, it is prudent to look simultaneously at 
the cost of risk control and expected cost of the consequences.  This has been described by 
Brummer and Kaiser (1995) as the risk-cost-benefit approach when evaluating the risks and 
costs associated with various support options.  The cost of risk control and expected cost of 
the consequences are interrelated in that low spending to control risk results in high costs for 
the risk consequences and vice versa.  The total cost for a risk control approach can guide 
the decision making process.  However, the old approach when adopting a rockfall risk 
mitigation strategy in South African mines appears to have been guided by the cost of the 
risk controls alone (Ortlepp and Stacey, 1995).  Design decisions were often dictated by cost 
cutting measures rather than from an understanding of the consequences associated with 
such decisions.  The weakness of this approach has been exposed by quantifying the 
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expected consequences of rockfall risk control measures in addition to the cost of rockfall 
control measures Rwodzi (2011).  He showed that cost cutting decisions often end up being 
costly as a result of dealing with the consequences.  In rock engineering, the rockfall risk 
consequences of concern are the safety and economic impacts as a result of a rockfall 
occurring.  There are differing financial implications for the rockfalls that occur and these 
depend on the size and location of the rockfall (Figure 5-2).  Small rockfalls in the face, 
sweeping and gully areas have associated dilution and production loss costs as a result of 
cleaning up the rockfall.  If the rockfall fails support elements (JBlock provides this output) 
where there is people access, there is a resupport cost for that rockfall.  For the large 
rockfalls in the face area, depending on the rockfall size, there is the potential to leave an in-
stope pillar and re-establish the face, or to have a full face re-establishment. 
 
 
Figure 5-2: Rockfall remediation strategies 
 
5.2 Financial and Injury Data 
The parameters used to quantify financial and injury risk associated with different support 
strategies in the following case studies have been formulated in an almost similar manner 
and are presented in Appendices D.2, E.2, F.2 for the UG2 reef at mine A, and Merensky 
reef at mine A and B respectively.  The production losses are based on long term price 
forecasts of platinum group metals (PGM) by five major banks presented by BMO Capital 
Markets (BMO, 2011).  The PGM grade and metal ratios of the constituent elements are 
based on production figures provided in annual results of the owners of mine A and are 
consistent with observations made by Cawthorn (1999) and Cawthorn et al (2002) in the 
surrounding areas of the mine.  Total mining costs have been obtained from annual results 
of the owners of mine A.  The costs associated with injuries have been adapted from the 
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research carried out by Rwodzi (2011).  The mineral processing parameters have been 
adapted from SRK project experience when mining similar reefs in the Bushveld Complex.  
When calculating production losses, provision for an improved blasting efficiency of 70% 
during re-establishing has been made.  This has been done so as to offset the production 
losses during pillar or full panel re-establishing with a faster rate of mining.  The costs of 
different lengths of cable anchors and Hydrabolts were obtained through personal 
communication with the suppliers (Mathews, 2011 and New Concept Mining, 2011).  Costs 
for mine poles have been obtained from data at the mine.  The time and costs associated 
with drilling longer holes for longer support units has not been factored into the analysis.  It is 
expected, however, that longer holes will increase costs associated with the support 
scenario. 
 
The proportions for sub-dividing accidents into different injury categories presented in 
Table 4-4 in the previous chapter have been derived from a study of rockfall related 
accidents over an 8 year period from a number of mine shafts operated by the owners of 
mine A.  The worker categories and the time spent in each zone are based on the mining 
strategy at mine A and have been established through communication with production 
personnel at this mine.  A detailed list of the parameters and strategies for the three case 
studies to be presented in the following sections has been provided in the Appendices. 
5.3 Case Study1 (UG2 reef at Mine A) 
This case study is based on data collected on the UG2 reef from mine A.  The site selection 
and data collection process for this case study have been described in sections 3.1.1 and 
3.2 respectively. 
5.3.1 Scenario Descriptions 
The base case for the scenarios considered here is the support system that is currently 
being used for the UG2 at this mine.  The support system used in the UG2 reef at mine A 
consists of mine poles only in the stope and 1.2m Hydrabolts in the gully.  A number of 
support scenarios, which are mainly modifications to this support system, have been 
considered to compare the risk associated with rockfalls in each of the scenarios.  The 
support scenarios considered are listed in detail below: 
1. Mine poles only, this is the base case for comparative purposes.  The support system 
layout for this scenario used at the mine is presented in Figure 4-2 and an image of 
this support layout reproduced in JBlock and the associated support properties has 
been presented in Figure 4-4. 
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2. Mine poles with a safety net in the working area.  This support system will investigate 
the contribution of introducing a safety net (Skarbøvig et. al, 2011; Fernandes and 
Gardner, 2011) on the base case support system towards improving both safety and 
productivity.  The safety net is a form of areal support, which has been the missing 
link in reducing the number of rockfalls occurring in stopes (Daehnke et al. 2001).  
3. 1.2 m Hydrabolts and mine poles.  This support system is an enhancement of the 
base case support by introducing 10T, 1.2 m Hydrabolts into the stope support.  Any 
potential safety and profitability associated advantages as a result of this 
enhancement will be quantified. 
4. 1.5 m Hydrabolts and mine poles.  In this support system, the effect of increasing the 
Hydrabolt length from the initial proposed 1.2 m to 1.5 m is investigated and 
quantified. 
5. 1.8 m Hydrabolts with mine poles.  The purpose of testing this support system is to 
establish the cost and safety benefit that can be derived from having longer 
Hydrabolts than the two lengths previously considered. 
6. 1.5 m cable bolts with mine poles.  This support system is an enhancement of the 
base case support by introducing 25T, 1.5 m cable bolts in the stope support.  The 
cable bolt support is superior in strength compared with the Hydrabolt support.  Any 
potential safety and profit associated advantages as a result of introducing the high 
strength support system will be investigated and quantified. 
7. 2 m cable bolts with mine poles.  Potential safety and profit benefits associated with 
increasing the cable bolt length will be quantified in this support system. 
The support scenarios described and their properties are presented in detail in Appendix 
D.1.  In choosing these support scenarios, consideration has been given to the feasibility of 
installing the various support systems without a significant change in mining cycles and 
productivity in the stopes from the original support scenario.  The support elements chosen 
are those readily available in the market in the Bushveld Igneous Complex underground 
mines.  The hazard zones used in this case study are as described in section 4.2. 
5.3.2 JBlock Results 
Rock blocks for this case study have been generated in JBlock using the UG2 reef geometry 
and joint properties described in sections 3.1.1 and 3.4.1 respectively.  In creating the rock 
blocks, JBlock has been set to create minimum and maximum block volumes of 0.01m3 and 
10 000m3 respectively.  These sizes have been selected in order to create a balanced set of 
blocks with both the large and small block sizes included.  The rock blocks generated are 
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made up of non-keyblocks and keyblocks.  A total number of 100 574 rock blocks have been 
created representing a simulation area of 85 676 m2.  38 369 of the rock blocks are 
keyblocks and these make up 71% of the total simulation area.  The keyblocks have the 
potential to fall into an excavation and cause injuries and production losses when exposed in 
the hangingwall.  These keyblocks will be tested on each support scenario considered. 
 
The distribution of keyblock sizes generated in JBlock for the UG2 reef is shown in Figure 
5-4.  From this distribution it can be observed that there is a gradual reduction in the 
frequency of rockfalls of size greater than 0.5m3. 
 
Figure 5-3: Keyblock size distribution for UG2 reef at mine A 
From the correlation exercise in section 4.3, a clamping stress of 5kPa has been adopted in 
testing this set of keyblocks in all the described support scenarios in this case study.  The 
JBlock rockfall results for case study 1 are presented in Table 5-1.  The rockfalls affecting 
production have been referred to as large rockfalls in the table.  These results are important 
because they have an effect on the cost and safety impact on the respective support 
scenario.  In terms of rockfalls, the current support scenario used at the mine is the worst of 
all the systems in preventing rockfalls from occurring.  Introducing a safety net to the mine 
poles reduces the number of rockfalls occurring by up to 50% as observed when safety nets 
were added to the mine poles scenario in Table 5-1.  In reality once the safety net is 
removed, the rocks can fall to the ground.  The introduction of Hydrabolts in the stope also 
improves the effectiveness of support in arresting rockfalls.  The use of a superior strength 
cable anchor reduces the number of rockfalls.  In both types of tendon support, the increase 
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in length of support elements results in a decrease in the frequency of rockfalls.  Dilution in 
this case study and the others to follow is obtained by dividing the rockfall volume by the 
surface area of the rockfall.  This gives an average thickness of the rockfalls. 
Table 5-1: Summary of rockfalls for case study 1  
Support System Large Rockfalls/1000m2% Area Rockfall% Area Large RockfallDilution (m)
Mine Poles 0.86 9.7 3.3 0.063 
Mine Poles + Safety Net 0.34 2.8 1.6 0.020 
1.2m Hydrabolt + Mine Pole 0.40 4.7 2.2 0.040 
1.5m Hydrabolt + Mine Pole 0.34 4.0 1.9 0.033 
1.8m Hydrabolt + Mine Pole 0.29 3.2 1.4 0.023 
1.5m Cable Anchor + Mine Pole 0.05 1.8 0.2 0.011 
2.0m Cable Anchor + Mine Pole 0.01 1.6 0.1 0.007 
5.3.3 Risk Evaluation and Comparison of Results 
Each rockfall, with each support scenario, is evaluated to determine the risk it is likely to 
cause.  This risk for each support scenario, as described in section 5.1, depends on rockfall 
size and location, i.e. the zone in which it falls.  The summary of risk evaluation results for 
this case study is presented in Table 5-2.  
Table 5-2:  Summary of risk evaluation results for case study 1 
Support System 
Cost/m2 Injuries 
per 
100000m2 
Support 
Cost 
Losses due to rockfalls Total 
Cost Dilution Sweepings Re-support Production Injury Total 
Mine Poles R 22.00  R 27.28 R 4.72 R 0.27 R 119.33 R 17.92  R 169.51  R 191.51 5.4 
Mine Poles + Safety Net R 22.00  R 8.67 R 2.62 R 0.08 R 48.72 R 4.28  R 64.36  R 86.36 1.3 
1.2m Hydrabolt + Mine 
Pole R 67.00  R 17.02 R 2.75 R 0.84 R 73.39 R 9.69  R 103.70  R 170.70 2.9 
1.5m Hydrabolt + Mine 
Pole R 73.00  R 14.09 R 2.65 R 0.65 R 57.34 R 8.52  R 83.26 R 156.26 2.6 
1.8m Hydrabolt + Mine 
Pole R 80.00 R 9.86 R 2.57 R 0.47 R 48.01 R 7.59  R 68.50  R 148.50 2.3 
1.5m CableAncho r+ Mine 
Pole R 102.00 R 4.65 R 0.22 R 0.19 R 4.10 R 3.91  R 13.06  R 115.06 1.2 
2.0m Cable Anchor + Mine 
Pole R 107.00 R 2.90 R 0.19 R 0.09 R 1.58 R 3.44  R  8.20  R 115.20 1.0 
 
For all except two of the support scenarios, the highest loss contributor is the production 
loss.  The trend in production losses is a reflection of the effectiveness of the support used to 
arrest rockfalls in each scenario.  All the other losses listed in the table follow a similar trend 
to the production losses.  Mine poles have the highest production losses whilst at the same 
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time they have the least cost of support.  However, when looking at the combined cost for 
the losses and cost of support strategy, the low support cost does not compensate for the 
large production losses.  Therefore, the overall costs associated with a support strategy are 
controlled by the production losses, and every effort should be directed towards containing 
this cost by having a support strategy that reduces the frequency of rockfalls. 
 
The support costs for mine poles and mine poles with safety nets are similar because a 
safety net is re-used for a while at the mine and the cost eventually becomes insignificant.  
However, the dilution, sweepings, re-support and production costs associated with the 
addition of a safety net are being underestimated.  The safety net only protects people 
underneath rockfalls by holding them but these rocks will eventually fall in a controlled 
manner when the safety net has been removed. 
 
The number of injuries per 100 000 m2 mined is also highest with the mine pole support 
system.  The injuries are again directly proportional to the frequency of rockfalls.  When a 
safety net is added to the mine pole support there is a 76% reduction in the number of 
injuries.  Please note that the rockfalls reported in Table 5-1 are rockfalls that occurred in all 
the zones whilst the injuries are only calculated for rockfalls that took place in the face area, 
gulley and sweepings area.  Therefore, increasing areal support, in the form of safety nets, 
mesh or straps, in the face area alone has the ability to significantly reduce injuries, since 
that is where the majority of the rockfalls occur soon after being exposed.  Most of the 
underground workforce is also confined to the face area, thereby increasing exposure and 
injury risk. 
5.4 Case Study 2 (Merensky reef at Mine A) 
This case study has been based on the mapping exercise carried out on the Merensky reef 
at mine A described in Chapter 3. 
5.4.1 Scenario Descriptions 
The base case for the scenarios considered here is the support system that is currently used 
at this mine.  The support system used at mine A consisted of a combination of mine poles 
and 1.2 m Hydrabolts in the stope, and 1.2 m Hydrabolts in the gully.  A number of support 
scenarios derived mainly from this support system have been considered to compare the 
risk associated with rockfalls in each of the scenarios.  The support scenarios considered 
are listed below: 
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1. 1.2 m Hydrabolts and mine poles.  A combination of the 10T, 1.2 m Hydrabolt and 
mine pole support system in the stope is currently being used for supporting the 
Merensky reef hangingwall at mine A.  From the rockfalls experienced with this 
support scenario, associated potential safety and profit benefits will be quantified. 
2. 1.5 m Hydrabolts and mine poles.  In this support system, the effect of increasing the 
Hydrabolt length in the stope and gully from the initial 1.2 m is investigated and 
quantified. 
3. 1.8 m Hydrabolts with mine poles.  The purpose of testing this support system is to 
establish the cost and safety benefit that can be derived from having a longer 
Hydrabolts than the two lengths previously considered. 
4. 1.5 m cable bolts with mine poles.  This support system is an enhancement of the 
base case support by introducing 25T, 1.5 m cable bolts in the stope support.  The 
cable bolt support is superior in strength compared with the hydrabolt support.  Any 
potential safety and profitability associated advantages as a result of introducing the 
high strength support system will be investigated and quantified. 
5. 2 m cable bolts with mine poles.  Potential safety and cost benefits associated with 
increasing the cable bolt length will be quantified in this support system. 
6. 1.2 m Hydrabolts, mine poles and safety net.  This support scenario is an 
enhancement of the base case support system by adding a temporary safety net 
support (Skarbøvig et. al, 2011) to the existing 10T, 1.2 m Hydrabolt and mine pole 
system.  The safety and cost benefits of introducing a safety net in the face area will 
be evaluated in this support scenario. 
The support scenarios described and their properties are presented in detail in Appendix E.  
Consideration of the feasibility of installing the various support systems without a significant 
change in mining cycles and productivity in the stopes from the original support scenario has 
been made in choosing these support scenarios.  The hazard zones used in this case study 
are as described in section 4.2. 
5.4.2 JBlock Results 
The Merensky reef geometry and joint properties described in sections in section 3.1.1 and 
3.4.2 respectively.  JBlock has been used in creating the blocks and as in the previous case 
study, the minimum and maximum simulated block volumes are 0.01m3 and 10 000m3 
respectively.  The blocks generated are made of non-keyblocks and keyblocks.  A total 
number of 311 361 blocks have been created representing a simulation area of 71 907 m2.  
78 605 of the rock blocks are keyblocks and these make up 54% of the total simulation area.  
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The keyblocks have potential to fall into an excavation when exposed and will be tested on 
each support scenario considered. 
 
The distribution of keyblock sizes generated in JBlock for the Merensky reef is shown in 
Figure 5-4.  From this distribution it can be observed that there is a significant reduction the 
frequency of rockfalls of size greater than 0.25m3. 
 
Figure 5-4: Keyblock size distribution for Merensky reef at mine A 
Table 5-3: Summary of rockfalls for case study 2 
Support Scenario 
Large 
Rockfalls/1000m2 
% Area 
Rockfall 
% Area Large 
Rockfall 
Dilution 
(m) 
1.2m Hydrabolt + Mine Pole 3.0 12.3 6.9 0.070 
1.5m Hydrabolt + Mine Pole 2.5 11.6 6.7 0.077 
1.8m Hydrabolt + Mine Pole 2.4 11.3 6.3 0.067 
1.5m Cable Anchor + Mine Pole 2.0 9.9 5.9 0.062 
2.0m Cable Anchor + Mine Pole 1.6 8.6 5.0 0.060 
1.2m Hydrabolt + Mine Pole + Net 1.1 5.5 3.5 0.022 
A clamping stress of 5kPa has been used in testing this set of keyblocks in all the described 
support scenarios in this case study.  The JBlock rockfall results for this case study are 
presented in Table 5-3.  This case study generally has more rockfalls per area simulated 
compared with case study 1.  The base case mine support used in this case study shows the 
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highest number of rockfalls occurring.  When a safety net is introduced to the support system 
being used at the mine, the number of rockfalls occurring is reduced by 63%.  Similarly, 
increasing the Hydrabolt length and introducing a superior strength cable anchor results in 
an overall decrease in the frequency of rockfalls. 
5.4.3 Risk Evaluation and Comparison of Results 
As for the previous case study, the risk evaluation process involves each single rockfall in 
each support scenario.  Again the risk depends on rockfall size and location of fall.  The 
summary for risk evaluation results of this case study are presented in Table 5-4.  
Table 5-4: Summary of risk evaluation results for case study 2 
Support System 
Cost/m2 Injuries 
per 
100000m
2
 
Support 
Cost 
Losses due to rockfalls 
Total 
Cost Dilution Sweepings Re-support Production Injury Total 
1.2m Hydrabolt+Mine Pole R 59.00 R 29.98 R 16.67 R 1.54 R 451.45 R 34.67 R 543.31 R 593.31 9.5 
1.5m Hydrabolt+Mine Pole R 65.00 R 32.99 R 16.16 R 1.43 R 409.90 R 32.01 R 492.49 R 557.49 8.7 
1.8m Hydrabolt+Mine Pole R 71.00 R 28.85 R 15.71 R 1.54 R 399.61 R 30.75 R 476.46 R 547.46 8.4 
1.5m Cable Anchor+Mine Pole R 94.00 R 26.58 R 14.15 R 1.46 R 369.00 R 27.28 R 438.46 R 532.46 7.5 
2.0m Cable Anchor+Mine Pole R 98.00 R 25.48 R 11.86 R 1.01 R 311.08 R 23.57 R 373.00 R 471.00 6.4 
1.2m Hydrabolt+Mine Pole+Net R 59.00 R 9.63 R 9.08 R 0.48 R 195.51 R 12.95 R 227.66 R 286.66 3.5 
The base case support system, 1.2 m Hydrabolts and mine poles, has the highest 
production losses whilst at the same time the lowest cost of support.  However, when looking 
at the combined cost for the losses and cost of support strategy, the low support cost does 
not compensate for the large production losses.  Therefore, the costs associated with a 
support strategy are controlled by the production losses and every effort must be directed 
towards containing this cost by having a support strategy that reduces the frequency of 
rockfalls.  The introduction of a safety net to the support results mainly in a reduction of the 
injuries to be experienced.  The other associated costs will be identical to the support 
scenario with no safety net as the net does not inhibit the occurrence of a rockfall but rather 
controls the occurrence of a rockfall such that people will not be injured. 
 
The number of injuries per 100 000 m2 mined is highest with the base case 1.2 m Hydrabolt 
and mine pole support system.  The injuries are again directly proportional to the frequency 
of rockfalls.  The introduction of a safety net to the base case support results in 63% less 
injuries than when there is no net.  As in case study 1, increasing areal support in the form of 
nets in the face area alone is very effective in reducing injuries.  Increasing the tendon 
support length also reduces the frequency of rockfalls and at the same time the injuries 
associated with that particular support scenario.  In this case study, the 2 m 25T cable 
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anchor support system predicts the lowest injury risk and has the lowest overall cost 
because of its ability to support the greatest number of keyblocks. 
5.5 Case Study 3 (Stope cable anchors at Mine B) 
The Merensky reef at Mine B is extremely blocky and therefore case study 3 has been 
focused on the Merensky reef only.  The mine changed its stope support system from its old 
12T, 1.5 m cable anchors, used in combination with mine poles, to a new 25T, 3 m cable 
anchor support with no mine poles.  The mine wanted to better understand the performance 
of their current 25T, 3m cable anchor support system in comparison with the old support 
system, and also to investigate possible improvements to the system. 
5.5.1 Scenario Descriptions 
Mine B had been using 1.5 m long (12T) cable anchors with in-stope mine poles (pencil 
sticks) (Figure 5-5) and decided to change this support, replacing it with a 3 m long (25T) 
cable anchor, timber-less  support system (Figure 5-6).  The main differences between these 
two support layouts is that the old system has mine poles, plus cables anchors which are 
spaced on a 0.9 m by 1.5 m grid.  In the replacement support system, the 3m cable anchors 
are spaced on a grid of 1 m by 1.5 m, and there are no mine poles.  The risks and costs 
associated with the change in support strategy were investigated and quantified in this case 
study.   
 
The support layout and properties utilised in JBlock for this case study have been adapted 
from the mine standards.  The hazard zones used in this case study are as described in 
section 4.2.  The specified strength of the cable anchors, 200kN, has been downgraded from 
250kN to cater for possible poor bolt installations at the mine. 
Table 5-5: Case study 3 support scenario and strengths 
Support Scenario Support unit strength 
1.5m Cable Anchor Support  200kN 
2.0m Cable Anchor Support  200kN 
2.5m Cable Anchor Support  200kN 
3.0m Cable Anchor Support  200kN 
3.5m Cable Anchor Support 200kN 
4.0m Cable Anchor Support 200kN 
1.5m Cable Anchor + Mine Poles 120kN for cables, 250kN for Mine poles 
 
The stope layout for the support scenarios and the support properties used for this case 
study are detailed in Appendix F.   
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Figure 5-5: 1.5 m Cable Anchor support system 
1.5-m Cable Anchors, Grout Packs and 3 x 3 m Pillars 
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Figure 5-6: 3 m Cable Anchor support system 
5.5.2 JBlock Results 
The Merensky reef geometry and joint properties described in sections in sections 3.1.2 and 
3.4.3 respectively.  In creating the rock blocks, JBlock has again been set to create minimum 
and maximum block volumes of 0.01m3 and 10 000m3 respectively.  A total number of 
409 084 blocks have been created representing a simulation area of 40 659 m2.  73 611 of 
the rock blocks are keyblocks and these make up 49% of the total simulation area. 
The distribution of keyblock sizes generated in JBlock for the Merensky reef is shown in 
Figure 5-7.  From this distribution it can be observed that there is a significant reduction in 
the frequency of rockfalls of size greater than 0.125m3. 
 
3-m Cable Anchors, Grout Packs and 3 x 3 m Pillars 
Max 10m
Not to Scale
1. Use Am-straps in areas where hanging     
wall requires it.
2. No drilling may take place before the 
temporary support and safety nets have 
been installed.
3. Cable anchor holes must be drilled to at 
least 3.1 m to get an effective anchor of 3 
m.
4. Cable anchor holes must be drilled as 
close to perpendicular as possible, not 
less than 700 with the hanging wall.
5. Cable anchors must be full column 
grouted (FCG).
6. Support must be within 0.5 m from both 
sides of prominent geological structures, 
concurrent with existing rows.
0.5m
6m 
3m
3m2m
ASG Centre Line
Max 1.8m
1.5m
Legend
Mechanical Prop
RSS 
Grout-pack
3.0m FCG Cable Anchor
Am-strap
1.5 m
Max
Fault
0.5m
New Line
1.5m
5m
3.2m
Max 1m
Max 1m
1.5m
1.5m
1.5m 1m
1m
Safety net
2m
Max 1.8m
0.5m
1.5m
Min 4m
 79
 
Figure 5-7: Keyblock size distribution for Merensky reef at mine B 
A clamping stress of 5kPa has been adopted in testing all the described support scenarios in 
this case study.  The keyblocks that failed in the JBlock analyses for case study 3 are 
presented in Table 5-6. 
Table 5-6: JBlock results for case study 3 
Support System Large Rockfalls/1000m2% Area Rockfall% Area Large RockfallDilution (m)
1.5m Cable Anchors 1.22 8.3 4.8 0.086 
2.0m Cable Anchors 0.89 7.9 3.7 0.076 
2.5m Cable Anchors 0.74 7.7 3.5 0.071 
3.0m Cable Anchors 0.69 7.5 3.2 0.065 
3.5m Cable Anchors 0.52 7.2 2.8 0.063 
4.0m Cable Anchors 0.51 7.0 2.7 0.061 
1.5m (12T)+Pencil Sticks 1.08 8.0 3.9 0.079 
 
The 1.5 m 25T cable anchor support system records the highest number of rockfalls 
predicted.  As the cable anchor length is increased, the numbers of rockfalls predicted 
decreases.  An analysis of the the rockfalls that occurred as a result of support failures is 
presented in Figure 5-8, and illustrates the effect of increased cable bolt length.   
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Figure 5-8: Rockfalls in which support failed for case study 3  
What is evident from this study is that increasing the length of the cable anchors reduces the 
number of rockfalls that are expected to occur in the mining area. 
5.5.3 Risk Evaluation and comparison results 
The results for the risk associated with each support scenario are directly related to the 
frequency of rockfalls and are presented in Table 5-7.  Although the lower strength cable 
anchors are cheaper that the higher strength cable anchors, they are on a denser spacing 
pattern and mine poles are also included in the support scenario, making this support 
scenario more expensive than the rest in this case study.  The cost of drilling has not been 
included in the analyses because it could not be ascertained.  It is expected that the overall 
drilling cost for a support scenario will be affected by the length of cable anchor used, with 
highest costs expected for the longest cables.  The time spent whilst drilling is also likely to 
influence the economics of the support scenarios.  Both of these factors will influence the 
cost of the support.  In a similar fashion to case studies 1 and 2, the production losses 
constitute the highest cost.  The costs are directly proportional to the number of rockfalls and 
the numbers decrease with increasing length of cable anchor. 
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Table 5-7: RiskEval case study 3 results 
Support Scenario 
Cost/m2 
Injuries/1
00 000m2 Support 
Cost 
Losses due to rockfalls 
Total 
Cost Dilution Sweepings 
Re-
support 
Production Injury Total 
1.5m Cable Anchors R 80.00+ R 25.93 R 11.57 R 1.11 R 564.35 R 31.64 R 634.60 R 714.60 5.9 
2.0m Cable Anchors R 84.00+ R 23.96 R 9.28 R 0.88 R480.21 R 27.34 R 541.67 R 627.57 5.1 
2.5m Cable Anchors R 89.00+ R 23.22 R 8.66 R 0.81 R 401.13 R 26.42 R 460.24 R 549.24 5.1 
3.0m Cable Anchors R 94.00+ R 22.52 R 7.16 R 0.73 R 394.72 R 25.87 R 451.00 R 545.00 4.8 
3.5m Cable Anchors R 99.00+ R 20.33 R 6.27 R 0.69 R 279.38 R 22.41 R 329.08 R 428.08 4.6 
4.0m Cable Anchors R 104.00+ R 19.60 R 6.27 R 0.65 R 254.63 R 22.86 R 304.01 R 408.01 4.5 
1.5m (12T)+Pencil Sticks R 121.00+ R 24.60 R 9.72 R 0.87 R 551.00 R 28.59 R 614.78 R 735.78 5.4 
 
The predicted number of injuries is highest when using the 1.5 m cable anchor.  There is a 
reduction in the number of rockfalls when comparing the old (12T) 1.5 m cable anchors plus 
mine pole support with the replacement (25T) 3 m cable anchors.  The injuries and costs are 
directly proportional to the number of rockfalls experienced with each support scenario.  An 
increase in the cable bolt length results in a reduction in the number of rockfalls and the risks 
associated with them. 
 
5.6 Summary 
In this chapter, three case studies have been presented.  In each case study, different 
support scenarios have been considered and the rockfall injury and cost risk associated with 
each scenario has been quantified.  Risk was evaluated for each rockfall that has been 
simulated in JBlock.  It has been demonstrated that improving a support scenario by 
increasing the length, strength and areal coverage of support units results in reduced 
numbers of injuries, as well as reduced overall costs, even though direct costs may increase.  
It has been demonstrated in two of the case studies that over 60% of injuries can be 
eliminated by introducing a safety net to a support system.  The approach presented can be 
used in the selection of the optimum support that will result in minimal injuries and losses for 
a particular geotechnical domain.  The uncertainity of support performance using the 
traditional trial and error method when mining in a new area can be significantly reduced. 
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6 Conclusions and Recommendations 
As a result of the need to improve safety and profitability, there has been a recent shift in 
rock engineering from the traditional deterministic methods towards the use of probabilistic 
methods for evaluating stability.  The probabilistic keyblock stability methods allow rockfalls 
to be predicted based on joint data collected by mapping of rock surfaces. 
 
In the research carried out, an underground mapping programme was executed in two 
platinum mines of the Bushveld Igneous Complex.  The joint property data, joint dip, dip 
direction, spacing and length/size, has been processed to produce the statistical variability of 
these properties.  It is believed that this has produced a database joint data for the mines 
that has not existed before.  In addition, a programme of underground mapping was also 
carried out to record actual rockfalls and their statistics – volume, area, length and location 
with respect to the face. 
 
The joint data has been used to simulate potential keyblocks and hence predict rockfalls 
using JBlock, a probabilistic keyblock stability method.  A clamping stress in the stope 
hangingwall was applied in JBlock to allow calibration the numbers and sizes of simulated 
rockfalls with the actual recorded rockfall data.  Reasonable correlations were obtained 
between the simulated rockfalls and the actual recorded rockfalls for the small rockfalls 
category, giving confidence in the JBlock rockfall prediction approach.  The research work 
has provided a validated method that can be used for comparative stope support design in 
the tabular stopes of the Busveld Complex mines. 
 
Using this approach, different support scenarios have been tested on three case studies to 
investigate their effectiveness in reducing rockfalls.  An analysis of injury and cost risk has 
been carried out for each support scenarios considered in each case study.  The following 
conclusions can be drawn from the case studies: 
• Increasing the length of tendon support results in reduced numbers of rockfalls, and 
hence a reduction in predicted injuries. 
• Using areal support such as safety nets considerably reduces the predicted numbers 
of injuries. 
• In almost all support scenarios, the largest cost was that of loss of production. 
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• Increasing support, and hence direct support costs, in almost all cases considered 
reduced the overall costs owing to the reduction in consequential costs such as 
production losses. 
Importantly, the approach allows the risk of injury to mineworkers, and the financial risk due 
to loss of potential revenue as a result of rockfalls to be quantified. 
 
The research described in this dissertation has proven that, based on knowledge of joint 
characteristics in the rockmass, realistic predictions of potential rockfalls can be made.  This 
provides the basis for a rational and more robust design of appropriate stope support to 
enhance safety, and add value for the mine, taking risk into account quantitatively.  The rock 
engineering design process therefore becomes a strategic design process rather than the 
tactical process that is the common practice on most mines at present.  The output of the 
research is a stope support design method that can be implemented immediately in the 
Bushveld Complex mines, and the expected result is improved safety and profitability. 
 
The rockfalls mapped underground in this research lie in the small rockfall category.  
Therefore the comparisons made between mapped and simulated rockfalls has been limited 
to the small rockfalls category only.  This limitation can be remedied by further rockfall 
mapping underground in order to develop a larger and more balanced database of both 
small and large rockfalls.  There is also need to improve JBlock to ensure that it provides 
even better predictions of rockfalls.  These two shortcomings represent areas requiring 
further research. 
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Appendix A.     Joint Mapping Data 
A.1 UG2 reef 
Joint set or 
structure Location 
Rock Orientation Infill Joint wall Joint wall 
roughness 
  
Comments Type 
Weathe-
ring 
Hard-
ness Dip 
Dip 
Direction 
Thick-
nes Type Separation Hardness 
Dip 
ends Micro Macro 
joint set  1.45 Pyro 1 3 50 48 2   2 3 5 2 7.9 Serp infill 
joint set  2.2 Pyro 1 3 65 49 2   2 3 5 2 9.9 Serp infill 
jont set 5.72 Pyro 1 3 80 24 1   1 3 5 2 3.8 Serp infill 
jont set 6.97 Pyro 1 3 75 40 1   1 3 5 2 7.5 Serp infill 
jont set 7.92 Pyro 1 3 75 45 1   1 3 5 2 3.5 Serp infill 
jont set 9 Pyro 1 3 80 35 1   1 3 5 2 3.5 Serp infill 
jont set 9.6 Pyro 1 3 85 219 1   1 3 5 2 3.5 Serp infill 
jont set 18.7 Pyro 1 3 60 30 1   1 3 5 2 4.9 Serp infill 
joint set  19.2 Pyro 1 3 70 33 2   2 3 6 2 4.9 Calc infill 
joint set  20.24 Pyro 1 3 78 65     2 3 6 2 6.6 No fill 
joint set  20.6 Pyro 1 3 85 88 1   2 3 5 2 5.5 Serp infill 
joint set  21.35 Pyro 1 3 80 27 1   1 3 5 2 6.4 Serp infill 
joint set  21.69 Pyro 1 3 65 28 1   1 3 5 2 6.4 Serp infill 
joint set  22.20 Pyro 1 3 80 205 1   2 3 5 2 6.8 Serp coatings 
joint set  22.42 Pyro 1 3 80 205 1   1 3 5 2 3.2 Serp coatings 
joint set  22.47 Pyro   3 80 205 1   1 3 5 2 3.6 Serp coatings 
joint set  22.92 Pyro 1 3 50 47 1   1 3 5 2 8 Serp coatings 
joint set  23.57 Pyro 1 3 82 23 3   3 3 5 2 8 Serp coatings 
joint set  23.57 Pyro 1 3 75 39 2   2 3 5 2 7.8 Serp infill 
joint set  24.03 Pyro 1 3 75 23 1   1 3 6 2 6.6 No fill 
joint set  24.12 Pyro 1 3 75 23     2 3 6 2 5.9 No fill 
joint set  24.55 Pyro 1 3 85 26 1   1 3 6 2 6.5 No fill 
jont set 25.28 Pyro 1 3 78 16 2   2 3 5 2 5.9 Serp infill 
joint set  25.76 Pyro 1 3 85 55 1   1 3 5 2 5.9 Serp infill 
joint set  25.89 Pyro 1 3 85 55 1   1 3 5 2 5.9 Serp infill 
joint set  26 Pyro 1 3 65 67 1   1 3 5 2 6.5 Serp infill 
joint set  26.67 Pyro 1 3 75 49 1   1 3 5 2 4.3 Serp infill 
joint set  27.25 Pyro 1 3 60 64 1   1 3 5 2 5.2 Serp infill 
joint set  27.98 Pyro 1 3 75 62 1   1 3 6 2 5 Calc infill 
joint set  28.17 Pyro 1 3 50 44 2   2 3 5 2 2.9 Serp infill 
joint set  28.30 Pyro 1 3 75 62 1   1 3 6 2 2.9 Calc infill 
joint set  28.55 Pyro 1 3 75 49 2   2 3 5 2 2.6 Serp infill 
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joint set  28.75 Pyro 1 3 75 49 2   2 3 5 2 3.3 Serp infill 
                              
joint set  1.5 Pyro 1 3 77 69 1 Serp 1 3 5 2 10.1 Serp coatngs 
joint set  2.2 Pyro 1 3 85 9 2 Serp 2 3 5 2 3.4 Serp nfll 
jont set 5.32 Pyro 1 3 65 330 1 Serp 1 3 5 2 4.7 Serp coatngs 
jont set 5.79 Pyro 1 3 75 303 1 Serp 1 3 5 2 6.7 Serp coatngs 
jont set 6.48 Pyro 1 3 88 283 1 Serp 1 3 5 2 7.7 Serp coatngs 
jont set 7 Pyro 1 3 88 283 1 Serp 1 3 5 2 8.3 Serp coatngs 
jont set 8.97 Pyro 1 3 85 315 1 Serp 1 3 5 2 7.3 Serp coatngs 
jont set 9.15 Pyro 1 3 85 315 1 Serp 1 3 6 2 3.6 Serp mxed wth pryo hard 
joint set  9.3 Pyro 1 3 85 315   No Fll 2 3 6 2 3.6 No fll 
joint set  9.62 Pyro 1 3 85 315   No Fll 2 3 6 2 5.2 No fll 
joint set  10.32 Pyro 1 3 90 88   No Fll 2 3 6 2 4.2 No fll 
joint set  11.18 Pyro 1 3 70 228   No Fll 1 3 6 2 5.9 No fll 
joint set  11.63 Pyro 1 3 75 114 1 Serp 1 3 5 2 7.1 Serp coatngs 
joint set  12.40 Pyro 1 3 55 163 2 Calc 2 3 6 2 4.9 Calc coatngs 
joint set  13.97 Pyro 1 3 77 308 1 Serp 1 3 5 2 4.1 Serp nfll 
joint set  14.43 Pyro   3 80 301 1 Serp 1 3 5 2 5.3 Calc nfll 
joint set  15.39 Pyro 1 3 85 140   No Fll 1 3 6 2 4.4 No fll 
joint set  16.1 Pyro 1 3 75 295 3 Serp 3 3 5 2 4.4 Serp nfll 
joint set  16.25 Pyro 1 3 80 322 1 Calc 1 3 6 2 3.8 Calc coatngs 
joint set  16.86 Pyro 1 3 80 322 2 Serp 2 3 5 2 3.8 Serp coatngs 
joint set  16.95 Pyro 1 3 80 322 1 Serp 1 3 5 2 3.8 Serp coatngs 
jont set 17.39 Pyro 1 3 78 168 2 Serp 2 3 5 2 3.2 Serp nfll 
joint set  17.91 Pyro 1 3 82 162 1 Serp 1 3 5 2 3.8 Serp nfll 
joint set  23.3 Pyro 1 3 78 197   No Fll 1 3 6 2 3.6 No fll 
joint set  23.44 Pyro 1 3 80 29 1 Calc 1 3 6 2 4.3 Calc infill 
joint set  23.64 Pyro 1 3 80 29   No Fll 1 3 6 2 2.6 No fll 
joint set  23.88 Pyro 1 3 75 323 1 Serp 1 3 5 2 2.3 Serp infill 
joint set  25.06 Pyro 1 3 75 314 1 Calc 1 3 6 2 3.8 Calc nfll 
joint set  25.15 Pyro 1 3 75 314 2 Serp 2 3 5 2 1.5 Serp nfll 
joint set  25.26 Pyro 1 3 70 259 2 Serp 2 3 6 2 3.6 Serp mxed wth non softenng 
joint set  26.64 Pyro 1 3 75 301 3 Serp 3 3 5 2 3.7 Serp nfll 
joint set  27.40 Pyro 1 3 85 305   No Fill 1 3 6 2 3.9 No fill 
joint set  27.5 Pyro 1 3 85 305 2 Serp 2 3 5 2 3.9 Serp coatngs 
joint set  27.73 Pyro 1 3 77 269 2 Serp 2 3 5 2 3.4 Serp coatngs 
joint set  28 Pyro 1 3 70 307 3 Serp 3 3 5 2 2.9 Serp infill 
joint set 28.9 Pyro 1 3 75 289 2 Serp 2 3 5 2 4 Serp coatings 
joint set  29.83 Pyro 1 3 85 315   No Fll 1 3 6 2 5.5 No fll 
joint set  31.3 Pyro 1 3 65 182 1 Serp 1 3 5 2 5.5 Serp coatings 
joint set  31.3 Pyro 1 3 65 283 1 Serp 1 3 6 2 5.5 Serp infill + pyroxenite 
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joint set  2.25 Pyro 1 3 76 38 2 Serp 2 3 5 2 7.9 Calc infill 
joint set  3.81 Pyro 1 3 75 264 2 Serp 2 3 5 2 9.9 Serp infill 
jont set 4.82 Pyro 1 3 90 39 1 Serp 1 3 5 2 3.8 Serp coatings 
jont set 5.23 Pyro 1 3 85 91 1 Serp 1 3 5 2 7.5 Serp infill 
jont set 7.00 Pyro 1 3 80 19 1 Serp 1 3 5 2 3.5 Serp infill 
jont set 7.72 Pyro 1 3 80 19 1 Serp 1 3 5 2 3.5 Serp infill 
jont set 7.98 Pyro 1 3 80 19 1 Serp 1 3 5 2 3.5 Serp infill 
jont set 8.82 Pyro 1 3 80 35 1 Serp 1 3 6 2 4.9 Calc infill 
joint set  9.13 Pyro 1 3 80 35   No Fll 2 3 6 2 4.9 Serp infill 
joint set  9.40 Pyro 1 3 85 294   No Fll 2 3 6 2 6.6 Serp infill 
joint set  9.65 Pyro 1 3 75 292   No Fll 2 3 6 2 5.5 Calc infill 
joint set  9.68 Pyro 1 3 60 16   No Fll 1 3 6 2 6.4 Serp coatings 
joint set  9.92 Pyro 1 3 60 16 1 Serp 1 3 5 2 6.4 Serp infill 
joint set  11.25 Pyro 1 3 80 281 1 Calc 2 3 6 2 6.8 No fill 
joint set  11.32 Pyro 1 3 60 4 1 Serp 1 3 5 2 3.2 Serp infill 
joint set  12.40 Pyro   3 55 346 1 Serp 1 3 5 2 3.6 Serp infill 
joint set  13.45 Pyro 1 3 75 279   No Fll 1 3 6 2 8 Serp infill 
joint set  14.18 Pyro 1 3 75 279 3 Serp 3 3 5 2 8 Serp infill 
joint set  14.90 Pyro 1 3 75 279 1 Calc 1 3 6 2 6.6 Serp infill 
joint set  15.62 Pyro 1 3 70 157   No Fll 2 3 6 2 5.9 Calc infill 
joint set  16.20 Pyro 1 3 85 325   No Fll 1 3 6 2 6.5 Serp coatings 
jont set 17.17 Pyro 1 3 85 54 5 Serp 5 3 5 2 5.9 No fill 
joint set  17.66 Pyro 1 3 85 54 1 Serp 1 3 5 2 5.9 No fill 
joint set  17.48 Pyro 1 3 85 54   No Fll 1 3 6 2 5.9 Serp infill 
joint set  17.82 Pyro 1 3 85 325 1 Calc 1 3 6 2 6.5 Serp coatings 
joint set  18.21 Pyro 1 3 88 33   No Fll 1 3 6 2 4.3 Serp coatings 
joint set  18.50 Pyro 1 3 88 33 1 Serp 1 3 5 2 5.2 No fill 
joint set  19.04 Pyro 1 3 65 20 1 Calc 1 3 6 2 5 Calc infill 
joint set  19.45 Pyro 1 3 85 35 2 Serp 2 3 5 2 2.9 Serp infill 
structure /shear zone 20.1-21.50 Pyro 
    75 298             10.8 Shear Zone intensely jointed 
                      Shear Zone intensely jointed 
joint set  21.90 Pyro 1 3 80 54   No Fill 1 3 6 2 2.9 No fill 
joint set  22.65 Pyro 1 3 75 180 2 Serp 2 3 5 2 2.6 No fill 
joint set  23.35 Pyro 1 3 88 217 2 Serp 2 3 5 2 3.3 No fill 
joint set  24.45 Pyro 1 3 83 39 3 Serp 3 3 5 2 1.4 Calc infill 
joint set 24.65 Pyro 1 3 83 39 2 Serp 2 3 5 2 3.6 No fill 
joint set  24.98 Pyro 1 3 83 39   No Fll 1 3 6 2 3.5 Serp infill 
joint set  25.42 Pyro 1 3 85 121 1 Serp 1 3 5 2 7.9 Serp infill 
joint set  26.37 Pyro 1 3 85 121 1 Serp 1 3 6 2 4.5 Serp infill 
joint set  26.70 Pyro 1 3 85 66   No Fll 1 3 6 2 3.6 Serp infill and pyroxenite hard 
 106
                              
joint set  0.82 Pyro 1 3 68 105 1 Serp 2 3 5 2 Serp coatngs 
joint set  0.92 Pyro 1 3 85 291 2 Serp 2 3 5 2 Serp nfll 
jont set 1.04 Pyro 1 3 80 103 1 Serp 1 3 5 2 Serp coatngs 
jont set 1.13 Pyro 1 3 80 103 1 Serp 1 3 5 2 Serp coatngs 
jont set 1.32 Pyro 1 3 75 95 1 Serp 1 3 5 2 Serp coatngs 
jont set 2.06 Pyro 1 3 75 95 1 Serp 1 3 5 2 Serp coatngs 
jont set 2.27 Pyro 1 3 75 95 1 Serp 1 3 5 2 Serp coatngs 
jont set 2.46 Pyro 1 3 75 95 1 Serp 1 3 6 2 Serp mxed wth pryo hard 
joint set  2.47 Pyro 1 3 85 13   No Fll 2 3 6 2 No fll 
joint set  2.73 Pyro 1 3 85 287   No Fll 2 3 6 2 No fll 
joint set  2.75 Pyro 1 3 85 287 1 No Fll 2 3 6 2 No fll 
joint set  2.91 Pyro 1 3 75 95 1 No Fll 1 3 6 2 No fll 
joint set  3.08 Pyro 1 3 85 107 1 Serp 1 3 5 2 Serp coatngs 
joint set  3.20 Pyro 1 3 85 107 1 Calc 2 3 6 2 Calc coatngs 
joint set  3.32 Pyro 1 3 85 107 1 Serp 1 3 5 2 Serp nfll 
joint set  4.53 Pyro   3 85 100 1 Serp 1 3 5 2 Calc nfll 
joint set  4.75 Pyro 1 3 85 16   No Fll 1 3 6 2 No fll 
joint set  4.88 Pyro 1 3 70 298 3 Serp 3 3 5 2 Serp nfll 
joint set  4.9 Pyro 1 3 86 97 1 Calc 1 3 6 2 Calc coatngs 
joint set  5.27 Pyro 1 3 70 298   No Fll 7 3 6 2 Serp coatngs 
joint set  5.42 Pyro 1 3 70 298   No Fll 1 3 6 2 Serp coatngs 
jont set/Dome 5.92 Pyro 1 3 70 262 5 Serp 5 3 5 2 Serp nfll 
joint set  5.95 Pyro 1 3 70 298 1 Serp 1 3 5 2 Serp nfll 
joint set  5.63 Pyro 1 3 70 298   No Fll 1 3 6 2 No fll 
joint set  6.25 Pyro 1 3 85 99 1 Calc 1 3 6 2 Calc infill 
joint set  6.69 Pyro 1 3 70 129   No Fll 1 3 6 2 No fll 
joint set  6.90 Pyro 1 3 70 129 1 Serp 1 3 5 2 Serp infill 
joint set  7.10 Pyro 1 3 85 86 1 Calc 1 3 6 2 Calc nfll 
joint set  7.36 Pyro 1 3 85 90 2 Serp 2 3 5 2 Serp nfll 
joint set  8.05 Pyro 1 3 80 275 2 Serp 2 3 6 2 Serp mxed wth non softenng 
joint set  8.57 Pyro 1 3 80 275 3 Serp 3 3 5 2 Serp nfll 
joint set  8.90 Pyro 1 3 90 102   No Fill 1 3 6 2 No fill 
joint set  9.09 Pyro 1 3 88 325 2 Serp 2 3 5 2 Serp coatngs 
joint set  9.23 Pyro 1 3 88 325 2 Serp 2 3 5 2 Serp coatngs 
joint set /Dome 9.86 Pyro 1 3 70 320 3 Serp 3 3 5 2 Serp infill 
joint set 9.93 Pyro 1 3 70 109 2 Serp 2 3 5 2 Serp coatings 
joint set  10.52 Pyro 1 3 75 288   No Fll 1 3 6 2 No fll 
joint set  10.55 Pyro 1 3 85 285 1 Serp 1 3 5 2 Serp coatings 
joint set  10.85 Pyro 1 3 90 57 1 Serp 1 3 6 2 Serp infill + pyroxenite 
joint set  10.90 Pyro 1 3 72 286   No Fll 1 3 6 2 No fll 
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joint set  11.09 Pyro 1 3 80 111 2 Serp 2 3 5 2 Serp nfll 
joint set  11.29 Pyro 1 3 80 283 1 Serp 1 3 5 2 Serp nfll 
joint set  11.86 Pyro 1 3 65 293   No fill 1 3 6 2 No fill 
joint set  12.6 Pyro 1 3 80 283 1 Serp 1 3 5 2 Serp nfll 
joint set  12.80 Pyro 1 3 70 311 8 Serp 8 3 6 2 Serp mxed wth non softenng 
joint set  12.94 Pyro 1 3 80 103 2 Calc 2 3 6 2 Calc infill 
joint set  13.27 Pyro 1 3 75 282 3 Serp 3 3 6 2 Serp mxed wth non softenng 
joint set  13.94 Pyro 1 3 70 275   No Fll 1 3 6 2 No fll 
joint set  14.18 Pyro 1 3 70 275 1 Serp 1 3 5 2 Serp coatngs 
joint set  14.36 Pyro 1 3 90 294   No Fll 1 3 6 2 No fll 
joint set  15.00 Pyro 1 3 85 274 4 Serp 4 3 6 2 Serp mxed wth non softenng 
joint set  15.48 Pyro 1 3 55 254 30 Serp 30 3 6 2 Serp mxed wth non softenng 
joint set  16.55 Pyro 1 3 80 263 3 Calc 3 3 6 2 Calc nfll 
joint set  16.80 Pyro 1 3 88 106 1 Serp 1 3 6 2 Calc nfll 
joint set  17.41 Pyro 1 3 65 14 1 Serp 1 3 5 2 Serp coatngs 
joint set  17.62 Pyro 1 3 75 109 1 No Fll 1 3 6 2 No fll 
joint set  17.79 Pyro 1 3 75 109 1 Calc 1 3 6 2 Non softenng nfll 
joint set  18.05 Pyro 1 3 75 109 2 Calc 2 3 6 2 Calc nfll 
joint set  18.30 Pyro 1 3 75 109 2 Serp 2 3 6 2 Calc nfll 
joint set  1.45 Pyro 1 3 50 48 2   2 3 5 2 7.9 Serp infill 
joint set  2.2 Pyro 1 3 65 49 2   2 3 5 2 9.9 Serp infill 
jont set 5.72 Pyro 1 3 80 24 1   1 3 5 2 3.8 Serp infill 
jont set 6.97 Pyro 1 3 75 40 1   1 3 5 2 7.5 Serp infill 
jont set 7.92 Pyro 1 3 75 45 1   1 3 5 2 3.5 Serp infill 
jont set 9 Pyro 1 3 80 35 1   1 3 5 2 3.5 Serp infill 
jont set 9.6 Pyro 1 3 85 219 1   1 3 5 2 3.5 Serp infill 
jont set 18.7 Pyro 1 3 60 30 1   1 3 5 2 4.9 Serp infill 
joint set  19.2 Pyro 1 3 70 33 2   2 3 6 2 4.9 Calc infill 
joint set  20.24 Pyro 1 3 78 65     2 3 6 2 6.6 No fill 
joint set  20.6 Pyro 1 3 85 88 1   2 3 5 2 5.5 Serp infill 
joint set  21.35 Pyro 1 3 80 27 1   1 3 5 2 6.4 Serp infill 
joint set  21.69 Pyro 1 3 65 28 1   1 3 5 2 6.4 Serp infill 
joint set  22.20 Pyro 1 3 80 205 1   2 3 5 2 6.8 Serp coatings 
joint set  22.42 Pyro 1 3 80 205 1   1 3 5 2 3.2 Serp coatings 
joint set  22.47 Pyro   3 80 205 1   1 3 5 2 3.6 Serp coatings 
joint set  22.92 Pyro 1 3 50 47 1   1 3 5 2 8 Serp coatings 
joint set  23.57 Pyro 1 3 82 23 3   3 3 5 2 8 Serp coatings 
joint set  23.57 Pyro 1 3 75 39 2   2 3 5 2 7.8 Serp infill 
joint set  24.03 Pyro 1 3 75 23 1   1 3 6 2 6.6 No fill 
joint set  24.12 Pyro 1 3 75 23     2 3 6 2 5.9 No fill 
joint set  24.55 Pyro 1 3 85 26 1   1 3 6 2 6.5 No fill 
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jont set 25.28 Pyro 1 3 78 16 2   2 3 5 2 5.9 Serp infill 
joint set  25.76 Pyro 1 3 85 55 1   1 3 5 2 5.9 Serp infill 
joint set  25.89 Pyro 1 3 85 55 1   1 3 5 2 5.9 Serp infill 
joint set  26 Pyro 1 3 65 67 1   1 3 5 2 6.5 Serp infill 
joint set  26.67 Pyro 1 3 75 49 1   1 3 5 2 4.3 Serp infill 
joint set  27.25 Pyro 1 3 60 64 1   1 3 5 2 5.2 Serp infill 
joint set  27.98 Pyro 1 3 75 62 1   1 3 6 2 5 Calc infill 
joint set  28.17 Pyro 1 3 50 44 2   2 3 5 2 2.9 Serp infill 
joint set  28.30 Pyro 1 3 75 62 1   1 3 6 2 2.9 Calc infill 
joint set  28.55 Pyro 1 3 75 49 2   2 3 5 2 2.6 Serp infill 
joint set  28.75 Pyro 1 3 75 49 2   2 3 5 2 3.3 Serp infill 
                              
joint set  1.5 Pyro 1 3 77 69 1 Serp 1 3 5 2 10.1 Serp coatngs 
joint set  2.2 Pyro 1 3 85 9 2 Serp 2 3 5 2 3.4 Serp nfll 
jont set 5.32 Pyro 1 3 65 330 1 Serp 1 3 5 2 4.7 Serp coatngs 
jont set 5.79 Pyro 1 3 75 303 1 Serp 1 3 5 2 6.7 Serp coatngs 
jont set 6.48 Pyro 1 3 88 283 1 Serp 1 3 5 2 7.7 Serp coatngs 
jont set 7 Pyro 1 3 88 283 1 Serp 1 3 5 2 8.3 Serp coatngs 
jont set 8.97 Pyro 1 3 85 315 1 Serp 1 3 5 2 7.3 Serp coatngs 
jont set 9.15 Pyro 1 3 85 315 1 Serp 1 3 6 2 3.6 Serp mxed wth pryo hard 
joint set  9.3 Pyro 1 3 85 315   No Fll 2 3 6 2 3.6 No fll 
joint set  9.62 Pyro 1 3 85 315   No Fll 2 3 6 2 5.2 No fll 
joint set  10.32 Pyro 1 3 90 88   No Fll 2 3 6 2 4.2 No fll 
joint set  11.18 Pyro 1 3 70 228   No Fll 1 3 6 2 5.9 No fll 
joint set  11.63 Pyro 1 3 75 114 1 Serp 1 3 5 2 7.1 Serp coatngs 
joint set  12.40 Pyro 1 3 55 163 2 Calc 2 3 6 2 4.9 Calc coatngs 
joint set  13.97 Pyro 1 3 77 308 1 Serp 1 3 5 2 4.1 Serp nfll 
joint set  14.43 Pyro   3 80 301 1 Serp 1 3 5 2 5.3 Calc nfll 
joint set  15.39 Pyro 1 3 85 140   No Fll 1 3 6 2 4.4 No fll 
joint set  16.1 Pyro 1 3 75 295 3 Serp 3 3 5 2 4.4 Serp nfll 
joint set  16.25 Pyro 1 3 80 322 1 Calc 1 3 6 2 3.8 Calc coatngs 
joint set  16.86 Pyro 1 3 80 322 2 Serp 2 3 5 2 3.8 Serp coatngs 
joint set  16.95 Pyro 1 3 80 322 1 Serp 1 3 5 2 3.8 Serp coatngs 
jont set 17.39 Pyro 1 3 78 168 2 Serp 2 3 5 2 3.2 Serp nfll 
joint set  17.91 Pyro 1 3 82 162 1 Serp 1 3 5 2 3.8 Serp nfll 
joint set  23.3 Pyro 1 3 78 197   No Fll 1 3 6 2 3.6 No fll 
joint set  23.44 Pyro 1 3 80 29 1 Calc 1 3 6 2 4.3 Calc infill 
joint set  23.64 Pyro 1 3 80 29   No Fll 1 3 6 2 2.6 No fll 
joint set  23.88 Pyro 1 3 75 323 1 Serp 1 3 5 2 2.3 Serp infill 
joint set  25.06 Pyro 1 3 75 314 1 Calc 1 3 6 2 3.8 Calc nfll 
joint set  25.15 Pyro 1 3 75 314 2 Serp 2 3 5 2 1.5 Serp nfll 
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joint set  25.26 Pyro 1 3 70 259 2 Serp 2 3 6 2 3.6 Serp mxed wth non softenng 
joint set  26.64 Pyro 1 3 75 301 3 Serp 3 3 5 2 3.7 Serp nfll 
joint set  27.40 Pyro 1 3 85 305   No Fill 1 3 6 2 3.9 No fill 
joint set  27.5 Pyro 1 3 85 305 2 Serp 2 3 5 2 3.9 Serp coatngs 
joint set  27.73 Pyro 1 3 77 269 2 Serp 2 3 5 2 3.4 Serp coatngs 
joint set  28 Pyro 1 3 70 307 3 Serp 3 3 5 2 2.9 Serp infill 
joint set 28.9 Pyro 1 3 75 289 2 Serp 2 3 5 2 4 Serp coatings 
joint set  29.83 Pyro 1 3 85 315   No Fll 1 3 6 2 5.5 No fll 
joint set  31.3 Pyro 1 3 65 182 1 Serp 1 3 5 2 5.5 Serp coatings 
joint set  31.3 Pyro 1 3 65 283 1 Serp 1 3 6 2 5.5 Serp infill + pyroxenite 
 
A.2 Merensky reef 
LOCALITY   23_42_1S&2S 
SURVEYED BY CHRIS AND JOEL 
Joint set or 
structure 
Location 
Rock Orientation Infill Joint wall Joint wall 
roughness 
Type Weathering 
Hard-
ness Dip 
Dip Di-
rection 
Thick-
nes Type 
Sepa-
ration 
Hard-
ness 
Dip length Comments 
Micro Macro 
 
J 0.35 Pyro 1 3 80 28 1mm   1mm 3 6 2 8.2 Calcite Infill 
J 0.83 Pyro 1 3 85 30 1mm   1mm 3 6 2 8.4 Calcite Infill 
J 0.96 Pyro 1 3 80 225 1mm   1mm 3 6 2 3.64 Calcite Infill 
J 1.65 Pyro 1 3 80 50 2mm   2mm 3 6 2 7.65 Calcite Coating 
J 2.17 Pyro 1 3 75 215 -   2mm 3 6 2 6.37 No infill 
J 2.29 Pyro 1 3 85 190 1mm   1mm 3 6 2 7.45 Calcite Infill 
J 3.05 Pyro 1 3 70 356 1mm   2mm 3 6 2 6.62 Calcite Coating 
J 3.82 Pyro 1 3 75 356 2mm   3mm 3 6 2 5.41 Calcite Infill 
J 6.42 Pyro 1 3 80 358 2mm   3mm 3 5 2 11.5 Serpentinite Infill 
J 7.70 Pyro 1 3 85 175 2mm   2mm 3 6 2 7.15 Calcite Infill 
J 9.15 Pyro 1 3 80 204 2mm   2mm 3 6 2 3.92 Calcite Infill 
J 10.60 Pyro 1 3 70 265 1mm   1mm 3 6 2 3.76 No infill 
J 11.12 Pyro 1 3 80 190 2mm   2mm 3 6 2 4.24 Calcite Infill 
J 11.63 Pyro 1 3 88 180 2mm   2mm 3 6 2 16.82 Calcite Infill 
J 13.10 Pyro 1 3 85 358 -   2mm 3 6 2 10.24 No infill 
J 14.40 Pyro 1 3 85 205 1mm   1mm 3 6 2 5.02 Calcite Infill 
J 15.50 Pyro 1 3 70 10 1mm   1mm 3 6 2 7.11 Calcite Infill 
Joint  2.52 Pyro 1   90 222 2mm Sep 2mm 3 5 2 3.30   
Joint  3.10 Pyro 1   85 210 1mm Calc 1mm 3 6 2 3.18   
Joint  3.70 Pyro 1   85 54 2mm Sep 2mm 3 5 2 5.16   
Joint  3.80 Pyro 1   75 56 1mm Sep 1mm 3 5 2 6.36   
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Joint  4.12 Pyro 1   65 33     1mm 3 6 2 7.66 No Infill 
Joint  4.45 Pyro 1   80 46     2mm 3 6 2 7.55 No Infill 
Joint  4.75 Pyro 1   75 48 3mm Sepc 3mm 3 5 2 3.76   
Joint  5.55 Pyro 1   90 230 1mm Calc 1mm 3 6 2 12.44   
Joint  6.03 Pyro 1   85 220 1mm Calc 1mm 3 6 2 7.67   
Joint  7.31 Pyro 1   70 351 3mm Sep 3mm 3 5 2 4.42   
Joint  8.85 Pyro 1   85 18 2mm Sepc 2mm 3 5 2 6.43   
Joint  9.03 Pyro 1   85 20 2mm Sep 2mm 3 5 2 6.04   
Joint  10.85 Pyro 1   80 225 3mm Calcc 3mm 3 6 2 3.21   
Joint  11.60 Pyro 1   65 185     1mm 3 6 2 4.44 No Infill 
Joint  12.49 Pyro 1   65 300 1mm Calc 1mm 3 6 2 10.61   
Joint  13.25 Pyro 1   90 176 2mm Sep 2mm 3 5 2 6.88   
Joint  13.64 Pyro 1   80 330 1mm Calc 1mm 3 6 2 6.57   
Joint  14.02 Pyro 1   20 230 1mm Calc 1mm 3 6 2 6.40   
Joint  14.05 Pyro 1   80 15     2mm 3 6 2 4.55 No Infill 
Joint  14.11 Pyro 1   85 180 2mm Sep 2mm 3 5 2 4.09   
Joint  15.27 Pyro 1   80 188 1mm Calc 1mm 3 6 2 4.97   
Joint  16.80 Pyro 1   90 178 2mm Calcc 2mm 3 6 2 6.01   
Joint  17.23 Pyro 1   24 116     1mm 3 6 2 3.7 No Infill 
Joint  18.92 Pyro 1   46 195     1mm 3 6 2 3.23 No Infill 
Joint  19.35 Pyro 1   60 24 2mm Calc 2mm 3 6 2 3.80   
                              
Joint  0.05 Pyro 1   80 357 3mm Sep 3mm 3 5 2 5.21   
Joint  0.24 Pyro 1   85 176 1mm Calc 1mm 3 6 2 4.74   
Joint  0.42 Pyro 1   85 145 1mm Calc 1mm 3 6 2 6.07   
Joint  1.82 Pyro 1   85 180     2mm 3 6 2 2.16 No Infill 
Joint  3.44 Pyro 1   85 220     1mm 3 6 2 4.58 No Infill 
Joint  5.28 Pyro 1   85 160     1mm 3 6 2 6.38 No Infill 
Joint  5.95 Pyro 1   85 162 2mm Calc 2mm 3 6 2 5.75   
Joint  7.05 Pyro 1   85 344     2mm 3 6 2 6.78 No Infill 
Joint  8.66 Pyro 1   90 349     3mm 3 6 2 3.62 No Infill 
Joint  9.50 Pyro 1   85 169     1mm 3 6 2 3.83 No Infill 
Joint  10.36 Pyro 1   85 340     2mm 3 6 2 3.66 No Infill 
Joint  11.85 Pyro 1   85 11     1mm 3 6 2 5.58 No Infill 
Joint  12.82 Pyro 1   75 33     1mm 3 6 2 4.57 No Infill 
Joint  13.36 Pyro 1   65 55     2mm 3 6 2 3.23 No Infill 
Joint  13.63 Pyro 1   85 20     3mm 3 6 2 6.60 No Infill 
Joint  14.10 Pyro 1   80 15 2mm Calc 2mm 3 6 2 4.89   
Joint  14.80 Pyro 1   85 214     1mm 3 6 2 4.65 No Infill 
Joint  15.44 Pyro 1   80 215 1mm Calc 1mm 3 6 2 5.94   
Joint  16.58 Pyro 1   85 38 1mm Calc 1mm 3 6 2 3.51   
 111
Joint  17.22 Pyro 1   75 24 2mm Calc 2mm 3 6 2 4.27   
Joint  17.71 Pyro 1   75 32 1mm Calc 1mm 3 6 2 4.52   
Joint  18.32 Pyro 1   88 8     2mm 3 6 2 4.51 No Infill 
Joint  19.64 Pyro 1   75 15 3mm Sep 3mm 3 5 2 3.74   
Joint  20.91 Pyro 1   85 16     1mm 3 6 2 7.78 No Infill 
Joint  22.02 Pyro 1   75 31 2mm Sep 2mm 3 5 2 4.48   
Joint  23.80 Pyro 1   70 35     1mm 3 6 2 3.65 No Infill 
Joint  24.75 Pyro 1   60 52     1mm 3 6 2 3.11 No Infill 
Joint  25.33 Pyro 1   90 178 2mm Sep 2mm 3 5 2 3.36   
Joint  26.32 Pyro 1   75 25 1mm Calc 1mm 3 6 2 3.03   
Joint  26.63 Pyro 1   75 28 2mm Calc 2mm 3 6 2 3.69   
Joint  27.20 Pyro 1   72 41     1mm 3 6 2 3.93 No Infill 
Joint  27.65 Pyro 1   75 30 2mm Calc 2mm 3 6 2 3.21   
Joint  28.07 Pyro 1   90 192 1mm Calc 1mm 3 6 2 4.57   
Joint  28.53 Pyro 1   85 25 1mm Calc 1mm 3 6 2 3.15   
Joint  29.80 Pyro 1   85 5     2mm 3 6 2 3.15 No Infill 
                              
J 1.02 Pyro 1 3 70 355     2mm 3 6 2 5.40 No infill 
J 1.88 Pyro 1 3 70 7     1mm 3 6 2 10.08 No infill 
J 2.35 Pyro 1 3 80 14     1mm 3 6 2 6.73 No infill 
J 3.27 Pyro 1 3 75 13     2mm 3 6 2 6.55 No infill 
J 3.27 Pyro 1 3 80 161     2mm 3 6 2 3.30 No infill 
J 5.18 Pyro 1 3 70 25     1mm 3 6 2 7.00 No infill 
J 6.75 Pyro 1 3 80 16     2mm 3 6 2 7.03 No infill 
J 6.86 Pyro 1 3 85 43     1mm 3 6 2 6.20 No infill 
J 8.66 Pyro 1 3 52 41     1mm 3 6 2 6.64 No infill 
J 9.54 Pyro 1 3 80 46     1mm 3 6 2 6.70 No infill 
J 10.00 Pyro 1 3 78 54     2mm 3 6 2 5.35 No infill 
J 10.90 Pyro 1 3 72 53     1mm 3 6 2 5.77 No infill 
J 11.20 Pyro 1 3 75 49 2mm   2mm 3 5 2 6.40 Serpentinite Infill 
J 12.05 Pyro 1 3 70 82 1mm   1mm 3 5 2 6.63 Serpentinite Infill 
J 12.10 Pyro 1 3 55 25 1mm   2mm 3 5 2 8.20 Serpentinite 
J 12.61 Pyro 1 3 72 22 1mm   1mm 3 5 2 6.71 Serpentinite Infill 
J 12.75 Pyro 1 3 95 34 2mm   2mm 3 5 2 7.48 Serpentinite Infill 
Dyke 12.75 Pyro Lamprophyre Dyke 40mm thick       
J 13.95 Pyro 1 3 80 62 1mm   1mm 3 5 2 6.90 Serpentinite Infill 
J 14.42 Pyro 1 3 75 48 1mm   2mm 3 5 2 7.43 Serpentinite Infill 
J 14.90 Pyro 1 3 80 228 1mm   2mm 3 5 2 4.80 Serpentinite 
J 15.50 Pyro 1 3 87 63 1mm   2mm 3 5 2 4.46 Serpentinite Infill 
J 15.50 Pyro 1 3 88 40 1mm   2mm 3 5 2 4.85 Serpentinite Infill 
J 16.08 Pyro 1 3 64 38 1mm   2mm 3 5 2 6.91 Serpentinite Infill 
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J 18.20 Pyro 1 3 82 22 1mm   3mm 3 5 2 7.49 Serpentinite 
J 18.82 Pyro 1 3 80 28 1mm   2mm 3 5 2 5.00 Serpentinite Infill 
J 20.27 Pyro 1 3 86 37 1mm   1mm 3 5 2 7.88 Serpentinite Infill 
J 22.20 Pyro 1 3 82 28     5mm 3 6 2 6.25 No Infill 
J 22.65 Pyro 1 3 5 55     1mm 3 6 2 4.06 No Infill 
J 23.71 Pyro 1 3 80 67     1mm 3 6 2 3.38 No Infill 
J 24.90 Pyro 1 3 85 65     2mm 3 6 2 3.34 No Infill 
J 24.90 Pyro 1 3 90 5     2mm 3 6 2 4.37 No Infill 
J 26.10 Pyro 1 3 85 21     1mm 3 6 2 3.87 No Infill 
J 27.02 Pyro 1 3 87 26     3mm 3 6 2 5.92 No Infill 
J 27.9 Pyro 1 3 72 52     1mm 3 6 2 4.06 No Infill 
J 28.6 Pyro 1 3 85 34     2mm 3 6 2 5.92 No Infill 
J 0.70 Pyro 1 3 70 65 1mm   1mm 3 6 2 5.10 Calcite Infill 
J 0.97 Pyro 1 3 55 74     1mm 3 6 2 5.80 No infill 
J 1.30 Pyro 1 3 80 69 1mm   1mm 3 5 2 4.70 Serpentinite Infill 
J 1.56 Pyro 1 3 60 190 1mm   1mm 3 6 2 6.60 Calcite Infill 
J 2.05 Pyro 1 3 85 130 1mm   2mm 3 6 2 5.80 Calcite Infill 
J 3.37 Pyro 1 3 70 185 3mm   3mm 3 6 2 10.40 Calcite Infill 
J 5.24 Pyro 1 3 76 188 1mm   1mm 3 5 2 7.80 Serpentinite Infill 
J 6.30 Pyro 1 3 25 10 1mm   1mm 3 5 2 0.72 Serpentinite Infill 
J 6.48 Pyro 1 3 95 20 1mm   1mm 3 5 2 3.60 Serpentinite 
J 7.28 Pyro 1 3 65 60 1mm   1mm 3 5 2 4.90 Serpentinite Infill 
J 8.28 Pyro 1 3 70 68 2mm   2mm 3 5 2 6.40 Serpentinite Infill 
J 9.60 Pyro 1 3 45 65     1mm 3 6 2 4.70 No infill 
J 10.00 Pyro 1 3 75 68 2mm   3mm 3 6 2 4.80 Calcite Infill 
J 11.03 Pyro 1 3 85 57 1mm   1mm 3 6 2 6.50 Calcite Infill 
J 12.15 Pyro 1 3 72 48 1mm   1mm 3 6 2 6.00 Calcite Infill 
J 13.24 Pyro 1 3 75 225 1mm   1mm 3 6 2 6.10 Calcite Infill 
J 14.76 Pyro 1 3 85 355 2mm   2mm 3 5 2 5.60 Serpentinite Infill 
J 14.77 Pyro 1 3 85 194 1mm   1mm 3 5 2 5.60 Serpentinite Infill 
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Appendix B.     Block Mapping Data 
B.1 UG2 reef 
KEYBLOCK SURVEY SHEET 
LOCALITY 15-53-3N&4N (UG2) 
RECORDED BY Edgar and Jonas 
Location Offset 
Distance to 
Face 
Blast/ 
Barring 
Block Dimensions Structural Properties 
Block  
Shape 
L W H No. 
Joint 
Dip DipDr Set Jr Ja Jw 
Structure 
21.80 
 
3.3 Blast T 0.88 0.56 0.19 
 
J 90 252 J1 2 8 1 
      
J 42 049 J1 2 8 1 
      
J 80 053 J1 2 8 1 
                                
21.30 
 
2.9 Blast T 0.33 0.29 0.9 
 
J 85 101 J2 2 8 1 
      
J 87 055 J1 2 8 1 
                                
20.6 
 
0 Blast W 0.97 0.64 0.15 
 
J 85 042 
 
2 8 1 
      
J 82 304 
 
2 8 1 
                                
20.75 
 
3.5 Blast W 0.69 0.49 0.29 2 J 55 084 
 
2 8 1 
      
J 72 194 
 
3 1 1 
      
J 87 162 
 
3 1 1 
                                
20.4 3.1 Blast W 0.60 0.49 0.25 2 J 80 280 2 8 1 
J 85 284 2 8 1 
                                
19.5 1.7 Bar W 0.41 0.24 0.14 J 75 257 2 8 1 
J 86 301 2 8 1 
                                
19.1 2.2 Blast W 0.88 0.49 0.20 2 J 78 104 3 1 1 
J 68 023 3 1 1 
                                
18.73 4 0.44 Blast T 0.29 0.18 0.14 1 J 80 280 2 8 1 
J 27 186 2 8 1 
                                
17.7 1.9 Blast W 0.57 0.25 0.2 1 J 60 025 3 1 1 
J 37 019 3 1 1 
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17.4 0.0 Blast W 0.46 0.41 0.17 2 J 90 278 2 8 1 
J 48 087 2 8 1 
                                
17.2 1.3 Blast W 0.55 0.29 0.16 2 J 65 009 2 8 1 
0.35 0.85 0.22 J 40 052 2 8 1 
                                
15.1 1.4 Blast W 0.41 0.51 0.13 J 68 275 3 1 1 
  J 39 231 3 1 1 
                    82 277   3 1   
5.3 0.66 Bar T 1.61 1.12 0.16 J 80 283 2 4 1 
J 85 125 3 2 1 
                                
6.0 1.1 Blast W 0.39 0.29 0.11 J 75 144 2 4 1 
J 79 059 2 4 1 
                                
6.4 1.8 Blast W 0.74 0.61 0.04 J 85 025 2 4 1 
J 87 205 3 2 1 
J 80 029 3 1 1 
                                
7.5 1.5 Bar W 0.17 0.24 0.04 J 88 019 2 8 1 
J 85 005 2 8 1 
                                
7.5 1.2 Bar W 0.32 0.29 0.11 J 80 213 2 4 1 
J 85 294 2 8 1 
                                
9.8 1.1 Blast W 0.37 0.44 0.09 J 76 049 2 4 1 
J 88 040 2 8 1 
                                
11.76 1.1 Blast W 0.26 0.44 0.12 J 80 296 2 4 1 
J 80 296 2 8 1 
J 85 036 2 4 1 
                                
15.8 1.0 Blast W 0.38 0.44 0.10 J 75 040 2 4 1 
J 82 278 2 4 1 
J 50 106 2 4 1 
                                
18.2 1.5 Blast W 0.37 0.56 0.13 J 63 056 2 4 1 
J 80 098 2 4 1 
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21.5 1.3 Blast W 1.24 0.96 0.38 J 65 318 2 8 1 
J 88 043 3 1 1 
                                
22.7 2.24 Blast W 0.38 0.41 0.19 J 75 306 2 8 1 
J 80 232 3 1 1 
                                
22.7 1.4 Blast W 0.19 0.26 0.14 J 75 234 2 4 1 
J 89 035 3 2 1 
                                
4.50 0.7 2.5 Bar W 0.38 1.72 2.11 2 J 78 115 3 2 1 
J 75 042 3 2 1 
                                
9.80 -0.21 1.9 W 0.36 0.49 0.11 J 80 044 3 1 1 
J 80 115 2 8 1 
                                
11.60 1.62 0.0 Blast W 0.69 0.6 0.24 J 53 015 2 8 1 
J 30 202 3 1 1 
                                
12.50 1.05 0.0 Blast W 0.64 0.79 0.32 J 60 010 2 8 1 
J 38 210 3 1 1 
                                
16,90 1.46 0.0 Blast W 0.75 0.46 0.18 J 70 288 2 8 1 
J 75 234 2 8 1 
                                
16.90 0.78 1.1 Blast T 0.38 0.44 0.16 J 70 191 1 4 1 
J 85 106 3 1 1 
J/D 30 061 2 8 1 
                                
18.60 -0.17 1.8 Blast W 0.69 0.55 0.13 J 90 134 2 8 1 
J 82 314 2 8 1 
                                
21.10 -0.44 2.1 Blast T 0.68 1.84 0.26 J 86 035 2 4 1 
J 66 295 2 8 1 
                                
5.2 -1.03 2.1 Bar W 0.37 0.26 0.11 J 85 265 2 8 1 
J 85 118 2 4 1 
                  J 80 316   2 4   
7.8 -0.55 2.1 Blast W 0.24 0.26 0.12 J 62 318 3 1 1 
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J 85 118 3 1 1 
                                
9.27 -0.93 5.6 Blast TP 0.42 0.35 0.11 J 85 103 2 4 1 
J 75 279 2 4 1 
J 85 103 3 1 1 
                                
9.6 0.81 0.61 Blast TW 0.85 0.35 0.22 J 88 211 2 4 1 
J 65 275 3 1 1 
                                
11.6 0.73 0.0 Blast W 0.42 0.16 0.15 J 65 011 2 8 1 
J 65 304 3 1 1 
                                
12.0 0.79 0.45 Blast TP 0.47 0.16 0.15 J 55 005 2 4 1 
J 80 195 3 1 1 
                                
22.7 0.87 1.2 Bar W 0.59 0.42 0.23 J 75 113 3 1 1 
J 85 232 2 4 1 
J 75 295 2 4 1 
                                
9.3 1.91 1.5 Blast W 0.34 1.35 0.21 J 55 003 2 4 1 
J 30 240 3 1 1 
                                
11 1.31 1.8 Blast W 0.46 1.09 0.3 J 55 012 2 8 1 
B/F 35 236 3 1 1 
                                
12 1.3 2.3 Blast W J 55 010 2 8 1 
B/F 35 218 3 1 1 
                                
13 1.7 2.4 Bar TW 0.52 0.45 0.12 J 85 087 2 8 1 
J 85 087 3 4 1 
J 75 019 2 4 1 
                                
16.6 -0.93 4.7 Blast TT 1.1 1.21 0.14 J 75 090 2 8 1 
J 55 327 2 4 1 
J 85 225 2 4 1 
                                
19.5 -1.6 5 Blast W 1.11 0.98 0.24 J 85 035 2 4 1 
J 80 302 2 8 1 
J 80 302 2 4 1 
 117
J 85 035 3 1 1 
                                
7.8 1.3 0.51 Blast TW 0.26 1.03 0.16 J 80 013 2 4 1 
J 83 015 2 4 1 
                                
11 0.81 1.89 Blast W 0.16 0.55 0.11 B/F 55 012 2 8 1 
J 90 027 2 4 1 
                                
16.3 1.03 1.7 Blast W 0.25 0.26 0.18 J 85 027 2 4 1 
J 85 027 2 4 1 
19 J 77 283 2 4 1 
J 77 283 3 1 1 
                                
22.9 -1.3 3.1 Blast TW 0.68 0.2 0.17 J 82 107 3 1 1 
J 86 036 3 1 1 
                                
0.10 4.60 1.23 Blast TP 0.69 0.31 0.11 4 J 50 221 J1 2 4 1 
          0.64 0.27     J 90 133 R 2 4 1 
        Average 0.67 0.29 0.11   J 62 213 J1 2 4   
                  J 65 83 J2 2 4 1 
                                
0.55 5.03 0.63 Blast W 0.36 0.44 0.12 3 J 65 130 R 2 4 1 
                  J 65 215 J1 2 4 1 
                  J 70 218 J1 2 4 1 
                                
1.40 4.45 1.45 Blast T 0.30 0.34 0.1 3 J 85 313 R 2 4 1 
                  J 80 222 J1 2 4 1 
                  J 84 123 J2 3 1 1 
                                
1.70 4.81 1.07 Blast T 0.45 0.17 0.14 3 BF 60 91 N/A 3 1 1 
                  J 44 153 R 2 4 1 
                  J 50 319 R 2 4 1 
                  J       3 1 1 
                                
1.80 1.80 -0.77 Bar TP 1.20 0.35 0.13 3 J 85 136 R 2 4 1 
                  J 80 311 R 2 4 1 
                  J 15 33   3 1 1 
                  J 75 221 J1 2 4   
                  J 55 224 J1 2 4 1 
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2.00 5.43 0.47 Blast W 0.71 0.35 0.25 3 J 62 118 J2 2 4 1 
                  J 72 334 R 3 1 1 
                  J 68 195 J3 2 4 1 
                                
5.55 6.99 0.103 Blast TP 0.58 0.18 0.11 3 J 80 140 R 2 4 1 
                  J 78 331 R 2 4 1 
                  J 50 224 J1 3 1 1 
                                
8.80 6.60 -1.15 Blast TP 0.87 0.32 0.12 3 J 80 319 R 2 4 1 
                  J 75 36 J1 2 4 1 
                  J 80 130 R 2 4 1 
                                
12.30 5.00 0 Blast W 0.50 5.00 0.25 3 J 32 220 J1 2 4 1 
                  J 80 62 J1 2 4 1 
                                
0.15 4.15 1.35 Blast T 0.30 0.49 0.11 3 Joint 85 213 J1 2 4 1 
                  Joint 76 322 R 2 4 1 
                  Joint 80 147 R 2 4 1 
                                
0.25 3.70 1.62 Blast T 0.26 0.47 0.09 3 Joint 88 222 J1 3 1 1 
                  Joint 70 292 R 3 2 1 
                  Joint 88 318 R 3 1 1 
                                
0.55 4.45 0.85 Blast TT 0.69 0.23 0.09 3 Joint 80 226 J1 3 2 1 
                  Joint 70 322 R 2 4 1 
                  Joint 60 121 J2 3 2 1 
                                
0.61 3.99 1.30 Blast TT 0.47 0.36 0.09 4 Top Surf 35 58 J1 2 4 1 
                  Joint 85 42 J1 2 4 1 
                  Joint 80 325 R 2 4 1 
                  Joint 80 230 J1 3 1 1 
                  Joint       3 1 1 
                                
0.84 4.31 1.02 Blast T 0.23 0.23 0.11 3 Joint 90 236 J1 2 4 1 
                  Joint 75 332 R 2 4 1 
                  Joint 15 33   3 1 1 
                  Top Surf 30 344 N/A 3 1 1 
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1.10 5.03 0.25 Blast T/D 0.77 0.28 0.16 3 Joint 65 215 J1 2 4 1 
                  Joint 85 317 R 3 1 1 
                  Joint 78 347 J3 3 1 1 
                  Top Surf 20 356 N/A 2 4 1 
                                
2.05 2.47 2.97 Bar TT 0.36 0.53 0.13 3 Joint 80 65 J1 2 4 1 
                  Joint 52 336 R 3 2 1 
                  Joint 65 150 R 3 1 1 
                                
2.10 2.69 2.60 Blast W 0.77 0.50 0.18 4 Joint 40 332 R 2 4 1 
                  Joint 50 141 R 2 4 1 
                  Joint 75 240 J1 3 1 1 
                  Joint 84 310 R 3 2 1 
                                
2.90 1.18 3.63 Blast W 1.90 1.10 0.43 4 Joint 62 136 R 3 1 1 
                  Top Surf 30 4 N/A 2 4 1 
                  Joint 78 224 J1 2 4 1 
                  Joint 80 51 J1 3 1 1 
                  BF 80 318 N/A 3 1 1 
                                
4.34 3.85 0.92 Blast TT 0.60 0.98 0.15 3 Joint 70 210 J1 2 4 1 
                  Joint 70 358 R 3 2 1 
                  Joint 80 328 R 3 2 1 
                                
5.71 3.48 1.64 Blast T 0.98 1.42 0.32 3 Joint 80 225 J1 3 1 1 
                  Joint 38 167 J3 3 2 1 
                  Joint 75 336 R 3 1 1 
                                
11.90 4.39 1.30 Blast T 0.44 0.50 0.16 3 Joint 71 10 J3 3 1 1 
                  Joint 52 227 J1 2 4 1 
                  Joint 56 90 J2 3 1 1 
                                
13.60 3.84 1.95 Blast TP 0.95 0.3 0.21 4 Joint 80 322 R 2 4 1 
          0.87 0.25     Joint 70 318 R 2 4 1 
        Average 0.91 0.275 0.21   Joint 45 224 J1 3 1 1 
                  Joint 58 238 J1 3 2 1 
                                
19.85 4.11 2.70 Blast TP 1.00 0.39 0.095 4 Joint 42 290 J2 3 2 1 
                  Joint 75 170 J3 3 2 1 
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                  Joint 68 97 J2 2 4 1 
                  Joint 80 213 J1 2 4 1 
                                
 
 
 
B.2 Merensky reef 
KEYBLOCK SURVEY SHEET 
LOCALITY 23_42 1S 
Location Distance to face Offset 
Blast/ 
Barring 
Block Dimensions Structural Properties 
Block Shape L W H No. Joint Dip DipDr   Jr Ja Jw 
Shape Structure 
  
10.57 2.13 -0.13 Barring W 0.83 1.14 0.35 1 Joint 85 244 J1 3 1 1 
                  Joint 85 66 J1 3 1 1 
                                
11.14 1.48 0.52 Blast W 0.37 0.37 0.18 1 Joint 88 155 J2 3 1 1 
                  Joint 10 343 R 3 1 1 
                                
12.74 1.81 0.19 Barring W 0.42 0.32 0.28 1 Joint 89 236 J1 3 1 1 
                  Joint 35 59 J1 3 1 1 
                                
12.61 1.88 0.12 Barring W 0.4 0.29 0.24 1 Joint 75 28 R 3 2 1 
                  Joint 75 355 J3 3 1 1 
                                
12.96 1.47 0.53 Blast W 0.47 0.21 0.21 1 Joint 85 356 R 3 2 1 
                  Joint 30 172 J3 3 1 1 
                  Blast Fracture 55 36 N/A 3 2 1 
                  Joint 65 107 J2 3 1 1 
                                
13.58 1.52 0.48 Barring W 0.48 0.57 0.21 2 Joint 85 358 J3 2 4 1 
                  Joint 85 32 R 3 1 1 
                  Joint 70 170 J3 3 1 1 
                              1 
13.82 2.08 -0.08 Blast P 0.39 0.44 0.22 1 Joint 85 27 R 3 2 1 
                  Joint 40 122 J2 3 1 1 
                  Joint 80 217 J1 3 1 1 
                  Joint 65 312 R 3 2 1 
                                
14.1 2.02 -0.02 Blast TP 0.58 0.61 0.26 1 Joint 85 34 R 3 2 1 
                  Joint 85 121 J2 2 4 1 
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                  Joint 65 217 J1 3 1 1 
                  Blast Fracture 70 322 R 3 1 1 
                                
14.8 1.91 0.09 Barring TP 0.72 0.57 0.23 1 Joint 70 20 J3 3 1 1 
                  Joint 85 113 J2 3 1 1 
                  Joint 65 307 R 3 2 1 
                  Joint 72 224 J1 3 1 1 
                                
17.1 2.35 -0.35 Blast TP 0.34 0.41 0.24 1 Joint 80 190 J3 3 2 1 
                  Joint 74 277 J2 3 1 1 
                  Joint 85 93 J2 3 1 1 
                  Blast Fracture 50 28 N/A 3 2 1 
                                
21.29 0.61 0.39 Barring TP 0.95 0.39 0.06 1 Joint 75 333 R 3 1 1 
                  Joint 70 241 J1 3 2 1 
                  Joint 60 159 R 3 2 1 
                  Joint 65 66 J1 2 4 1 
                                
19.9 1.17 -0.17 Blast W 0.32 0.29 0.11 1 Joint 85 341 R 2 4 1 
                  Joint 10 257 J2 3 2 1 
                  Joint 75 163 J3 3 1 1 
                  B/F 80 71 J1 3 1 1 
                                
19.8 0.52 0.48 Blast W 0.22 0.21 0.1 1 Joint 65 329 R 3 1 1 
                  Joint 80 234 J1 3 1 1 
                  Joint 85 160 J3 3 2 1 
                  B/F 85 66 N/A 2 4 1 
                                
19.2 0.7 0.3 Blast W 0.4 0.22 0.14 1 Joint 60 336 R 3 1 1 
                  Joint 15 154 R 3 2 1 
                                
18.5 1.36 -0.36 Blast W 0.78 0.49 0.25 1 Joint 80 346 J3 3 1 1 
                  Joint 10 168 J3 3 2 1 
                  Joint 75 77 J2 3 2 1 
                  B/F 83 25 N/A 3 1 1 
                                
18.8 2.34 -1.34 Barring W 0.48 0.57 0.21 1 Joint 65 340 J3 2 4 1 
                  B/F 30 72 N/A 3 1 1 
                  Joint 85 255 J1 2 4 1 
                  Joint 80 163 J3 3 2 1 
                                
17.2 1.35 -0.35 Blast W 0.94 0.63 0.21 1 Joint 88 190 R 3 2 1 
                  Joint 10 346 J3 3 1 1 
                  B/F 77 14 N/A 3 1 1 
 122
                  Joint 85 107 J2       
                                
17 2.04 -1.04 Blast TW 0.54 0.51 0.23 1 Joint 70 314 R 3 1 1 
                  Joint 60 255 J1 3 1 1 
                  B/F 20 94 N/A 3 2 1 
                  Joint 80 170 J3 3 1 1 
                                
16.2 0.41 0.59 Blast W 1.1 0.95 0.18 1 Joint 69 25 J3 3 1 1 
                  Joint 45 117 J2 3 1 1 
                  Joint 80 210 J1 3 1 1 
                  Joint 85 322 R 3 2 1 
                                
15.4 0.73 0.27 Blast W 0.97 0.71 0.21 1 Joint 65 346 J3 3 2 1 
                  B/F 25 18 N/A 3 1 1 
                  Joint 85 262 J2 3 2 1 
                  Joint 70 167 J3 3 1 1 
                                
12.64 0.58 0.42 Blast W 0.59 0.54 0.12 1 Joint 85 119 J2 3 2 1 
                  B/F 15 32 N/A 3 1 1 
                                
11.2 0.71 0.29 Blast W 0.53 0.41 0.15 1 Joint 85 138 R 3 1 1 
                  B/F 25 38 J1 3 1 1 
                  Joint 84 222 J1 3 2 1 
                  Joint 65 331 R 3 1 1 
                                
10.96 0.81 0.19 Barring TW 0.1 0.72 0.11 1 Joint 80 111 J2 3 1 1 
                  B/F 20 44 N/A 3 2 1 
                  Joint 55 201 J3 3 2 1 
                  Joint 85 342 J2 3 1 1 
                                
7.5 2 2.2 Blast W 0.58 1.00 0.32 2 Joint 75 355 R 3 1 1 
                  Joint 72 177 J3 3 1 1 
                  Joint 65 89 J2 3 2 1 
                  B/F 10 254 N/A 3 1 1 
                                
12.1 1.6 2.6 Blast TP 0.52 0.94 0.39 1 Joint 70 20 J3 2 4 1 
          0.40 0.72     Joint 55 111 J2 3 1 1 
        Average 0.46 0.83 0.39   Joint 84 207 J3 3 1 1 
                  B/F 80 306 N/A 3 1 1 
                                
13.6 2.5 1.7 Barring TP 1.00 0.49 0.31 1 Joint 70 313 R 3 2 1 
          0.76 0.32     Joint 85 215 J1 2 4 1 
        Average 0.88 0.405 0.31   Joint 70 116 J2 3 2 1 
                  B/F 55 10 N/A 3 1 1 
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14.1 1.7 2.5 Blast W 0.36 0.53 0.24 2 Joint 60 336 R 3 1 1 
                  Joint 74 201 J3 3 2 1 
                  Joint 85 107 J2 3 1 1 
                  B/F 30 13 N/A 3 1 1 
                                
14.8 2.29 1.91 Unknown TP 0.51 0.69 0.33 1 Joint 80 323 R 3 1 1 
                  Joint 85 229 J1 3 2 1 
                  Joint 75 128 J2 3 1 1 
                  Joint 15 33 J1 3 1 1 
                                
15.8 2.00 2.2 Barring TP 0.34 0.33 0.19 1 Joint 75 301 J2 3 1 1 
          0.29 0.25     Joint 65 213 J1 3 1 1 
        Average 0.32 0.29 0.19   Joint 85 117 J2 3 2 1 
                  Joint 70 25 J3 3 1 1 
                                
16.2 2.9 1.3 Unknown W 1.10 0.46 0.12 1 Joint 88 322 R 3 1 1 
                  Joint 10 215 J1 3 1 1 
                  Joint 85 118 J2 3 2 1 
                  B/F 30 21 N/A 3 1 1 
                                
16.3 2 2.2 Blast W 0.95 0.56 0.24 1 Joint 10 57 J1 3 1 1 
                  Joint 80 152 R 3 1 1 
                  Joint 85 247 J1 3 2 1 
                  Joint 80 341 J3 3 1 1 
                                
17.3 0.86 3.34 Barring W 0.49 0.29 0.18 1 Joint 75 50 J1 3 2 1 
                  Joint 35 148 R 3 1 1 
                  Joint 77 240 J1 3 1 1 
                  Joint 85 328 J2 3 2 1 
                                
17.5 1.36 2.84 Blast W 0.50 0.27 0.11 1 Joint 70 55 J1 3 1 1 
                  Joint 35 128 J2 3 1 1 
                  Joint 77 224 J1 3 1 1 
                  Joint 90 324 R 3 1 1 
                                
19.2 1.61 2.59 Barring TP 0.31 0.24 0.11 1 Joint 60 45 J1 3 1 1 
                  Joint 80 137 R 3 2 1 
                  Joint 75 322 R 3 1 1 
                  Joint 85 235 J1 2 4 1 
                                
19.8 0.70 3.5 Blast W 0.23 0.27 0.19 1 Joint 85 352 R 3 1 1 
                  Joint 30 50 J1 2 4 1 
                  Joint 80 268 J2 2 4 1 
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                  Joint 65 141 R 2 4 1 
                                
20.1 0.97 3.23 Blast TP 0.26 0.32 0.14 1 Joint 85 22 J3 2 4 1 
          0.20 0.25     Joint 78 117 J2 2 4 1 
        Average 0.23 0.285 0.14   Joint 80 214 J1 3 2 1 
                  Joint 85 311 R 3 1 1 
                                
20.8 0.70 3.50 Blast W 0.41 0.32 0.20 1 B/F 75 4 N/A 3 1 1 
                  Joint 80 101 J2 3 2 1 
                  Joint 55 198 J3 3 2 1 
                  Joint 76 302 J2 3 1 1 
                                
21.6 1.34 2.86 Barring W 0.84 0.29 0.19 2 Joint 75 62 J1 3 1 1 
                  Joint 85 157 R 3 2 1 
                  Joint 45 250 J1 2 4 1 
                  Joint 85 342 J3 3 1 1 
                                
21.61 0.98 3.22 Blast T 1.73 0.42 0.25 1 Joint 35 57 J1 3 1 1 
                  Joint 85 152 R 3 1 1 
                  Joint 75 248 J1 3 2 1 
                                
6.1 0.94 3.26 Blast TW 1.59 0.99 0.52 1 Joint 80 263 J2 3 1 1 
          1.38 0.80     Joint 45 172 J3 3 1 1 
        Average 1.49 0.90 0.52   Joint 85 89 J2 3 2 1 
                  Joint 75 352 R 3 2 1 
                                
6.9 1.74 2.46 Blast T 0.62 0.49 0.14 1 Joint 88 291 J2 3 1 1 
          0.40 0.72     Joint 25 111 J2 3 2 1 
        Average 0.51 0.61 0.14   B/F 62 25 J3 3 1 1 
                  Joint 85 205 J3 3 1 1 
                                
7.7 1.75 2.45 Barring TP 0.73 0.44 0.19 1 Joint 80 345 J3 3 2 1 
          0.76 0.32     Joint 65 277 J2 3 1 1 
        Average 0.75 0.38 0.19   Joint 32 178 J3 3 2 1 
                  Joint 75 79 J2 3 1 1 
                  B/F DR DDR N/A 3 1 1 
                                
8.3 1.4 2.8 Blast T 0.26 0.11 0.09 2 Joint 35 338 R 3 1 1 
                  Joint 75 160 J3 3 1 1 
                  Joint 52 252 J1 3 1 1 
                                
9.01 1.78 2.42 Blast TW 0.66 0.45 0.15 2 Joint 80 331 R 2 4 1 
          0.60 0.39     Joint 45 242 J1 2 4 1 
        Average 0.63 0.42 0.15   Joint 60 155 J2 3 1 1 
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11.8 1.86 2.34 Blast W 0.66 0.44 0.09 1 Joint 85 340 J3 3 1 1 
                  Joint 40 164 J3 3 2 1 
                  Joint 75 253 J2 3 1 1 
                  Joint 65 87 J2 3 1 1 
                                
13.63 1.65 2.55 Barring W 0.69 0.36 0.21 1 Joint 85 160 J3 2 4 1 
                  Joint 5 75 J2 3 1 1 
                  Joint 55 343 J3 3 1 1 
                  Joint 65 252 J1 3 1 1 
                                
13.8 1.57 2.63 Blast TW 0.39 0.35 0.21 1 Joint 85 235 J1 3 1 1 
                  Joint 45 342 J3 3 1 1 
                  Joint 75 160 J3 3 2 1 
                  Joint 63 78 J2 3 1 1 
                                
17.35 1.81 2.39 Blast TP 0.39 0.45 0.19 1 Joint 85 335 R 3 1 1 
                  Joint 20 245 J1 3 1 1 
                  Joint 70 60 J1 3 2 1 
                  Joint 80 152 R 3 1 1 
                  B/F DR DDR N/A 3 1 1 
                                
19.4 3.83 0.37 Barring TP 0.68 0.4 0.18 2 B/F 80 55 J1 3 1 1 
                  Joint 45 148 R 3 2 1 
                  Joint 63 239 J1 3 1 1 
                  Joint 85 332 R 3 1 1 
                                
22.0 2.42 1.78 Unknown TW 0.31 0.68 0.22 1 Joint 85 45 J1 3 1 1 
                  Joint 45 312 R 2 4 1 
                  Joint 65 225 J1 3 1 1 
                  Joint 70 138 R 3 2 1 
1.5 4.12 -0.12 Barring T 0.59 0.85 0.1 1 Joint 80 50 J1 3 2 1 
                  Joint 40 250 J1 3 2 1 
                  Joint 75 5 J3 3 2 1 
                  B/F 10 36 J1 3 1 1 
                                
1.55 5.05 -1.05 Unkown TT 0.45 0.34 0.09 1 Joint 80 215 J1 3 2 1 
          0.32 0.21     Joint 55 308 R 3 2 1 
        Average 0.39 0.28 0.09   B/F 10 40 J1 3 1 1 
                                
2.3 4.3 -0.3 Unknown TT 0.32 0.58 0.07 1 Joint 75 328 R 3 2 1 
          0.21 0.5     Joint 80 218 J1 3 2 1 
        Average 0.27 0.54 0.07   Joint 85 110 J2 3 1 1 
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2.33 3.6 0.4 Barring TP 0.55 0.4 0.17 3 Joint 75 358 R 3 2 1 
      3 small   0.50 0.36     Joint 60 275 J2 3 1 1 
        Average 0.53 0.38 0.17   Joint 20 190 J3 3 1 1 
                  Joint 55 88 J2 3 1 1 
                                
7.6 3.25 0.75 Barring W 0.62 0.24 0.16 2 Joint 85 9 J3 2 4 1 
      2 small           Joint 65 95 J2 2 4 1 
                  Joint 74 188 J3 3 1 1 
                  Joint 48 272 J2 2 4 1 
                                
8.1 3.14 0.86 Barring W 0.41 0.24 0.16 1 Joint 80 40 J1 3 1 1 
                  Joint 55 101 J2 2 4 1 
                  Joint 65 179 J3 3 2 1 
                  Joint 60 258 J2 3 1 1 
                                
10.05 5.4 -1.4 Barring T 0.41 0.25 0.17 3 Joint 70 46 J1 3 2 1 
                  Joint 85 160 J3 3 2 1 
                  Joint 60 220 J1 3 2 1 
                                
18.05 3.3 0.7 Unknown W 0.75 0.53 0.15   Joint 55 37 J1 3 2 1 
                  Joint 65 125 J2 2 4 1 
                  Joint 85 212 J1 3 2 1 
                  Joint 73 299 J2 3 1 1 
                                
0.9 5.39 -0.47 Unknown TP 0.8 0.55 0.22 3 Joint 85 160 J3 3 1 1 
                  Joint 70 175 J3 3 1 1 
                  Joint 80 238 J1 3 1 1 
                  B/F 10 036 J1 3 1 1 
                                
3 5.42 -0.11 Unknown TT 0.59 0.32 0.14 2 Joint 70 313 R 3 2 1 
          0.50 0.27     Joint 90 172 J3 3 2 1 
        Average 0.55 0.295 0.14   B/F 10 36 J1 3 1 1 
                                
4.5 4.14 1.38 Barring W 1.15 0.28 0.22 2 Joint 35 126 J2 3 2 1 
                  Joint 80 345 J3 3 1 1 
                                
4.9 5.32 0.16 Unknown W 1.13 0.41 0.33 3 Joint 85 324 R 2 4 1 
                  Joint 85 53 J1 2 4 1 
                  Joint 20 135 R 3 1 1 
                  Dome Surf     N/A 3 1 1 
                                
6 4.94 0.55 Barring W 0.89 0.56 0.9 2 Joint 30 3 J3 3 2 1 
                  Joint 25 122 J2 3 1 1 
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                  Joint 48 272 J2 2 4 1 
                                
6.32 4.20 1.26 Barring W 0.84 0.47 0.18 4 Joint 60 294 J2 3 2 1 
                  Joint 80 357 J3 3 1 1 
                  Joint 85 242 J1 3 2 1 
                  Joint 30 109 J2 3 1 1 
                                
7.9 5.11 0.6 Unknown TP 0.92 0.43 0.21 3 Joint 85 350 J3 3 1 1 
          0.82 0.39     Joint 30 73 J1 3 2 1 
        Average 0.87 0.41 0.21   Joint 85 157 R 3 2 1 
                                
11.4 4.97 1.25 Barring W 0.57 0.38 0.15 2 Joint 80 33 J1 3 1 1 
                  Joint 48 140 R 3 1 1 
                                
15.2 4.8 0.47 Barring W 1 0.62 0.18 2 Joint 25 66 J1 3 1 1 
                  Joint 85 180 J3 2 4 1 
                                
4.59 4.15 -0.39 Unknown W 0.24 0.32 0.08 3 BF 20 141 R 3 1 1 
                  Joint 70 300 J2 3 1 1 
                  Joint 85 49 J1 3 1 1 
                                
4.7 3.8 0.25 Unknown TP 0.2 0.51 0.11 3 Joint 81 42 J1 3 1 1 
                  Joint 45 38 J1 3 1 1 
                  Joint 49 238 J1 3 1 1 
                                
5.79 4.67 -0.62 Bar T 0.15 0.22 0.05 3 BF 20 145 R 3 1 1 
                  Joint 80 213 J1 3 2 1 
                  Joint 70 320 R 3 1 1 
                                
6.54 3.87 0.43 Unknown W 0.77 0.25 0.14 3 BF 30 357 J3 3 1 1 
                  Joint 85 323 R 3 2 1 
                  Joint 85 196 J3 3 1 1 
                                
7.44 3.77 0.54 Unknown TP 0.45 0.38 0.14 3 Joint 75 160 J3 3 1 1 
                  Joint 75 217 J1 2 4 1 
                  BF 35 170 J3 3 1 1 
                                
7.99 4.56 -0.43 Bar W 0.67 0.31 0.1 3 BF 35 130 R 3 2 1 
                  J/C 72 137 R 3 1 1 
                  Joint 90 208 J3 3 2 1 
                                
8.84 3.23 1.04 Bar TT 0.31 0.24 0.09 3 Joint 85 205 J3 2 4 1 
          0.28 0.2     BF 25 40 J1 3 1 1 
        Average 0.3 0.22 0.09   Joint 80 151 R 3 1 1 
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10.34 3.72 0.8 Unknown W 0.55 0.19 0.1 3 Joint 75 357 R 3 1 1 
                  BF 35 100 J2 3 1 1 
                  Joint 90 131 R 3 2 1 
                                
13.33 2.67 2.06 Unknown TP 0.63 0.43 0.19 3 Joint 76 174 J3 3 2 1 
                  Joint 45 249 J1 3 2 1 
                  Joint 85 42 J1 3 2 1 
                                
14.64 2.94 1.55 Unknown W 0.5 0.15 0.05 2 Joint 90 172 J3 2 4 1 
                  Joint 45 117 J2 3 1 1 
                                
15.1 3.29 1.35 Unknown W 0.65 0.29 0.11 3 Joint 80 177 J3 3 2 1 
                  Joint 50 65 J1 3 1 1 
                  BF 45 148 R 3 1 1 
                                
17.32 3.42 1.96 Unknown TT 0.54 0.32 0.14 3 BF 40 100 J2 3 1 1 
                  Joint 90 161 J3 3 1 1 
                  Joint 45 56 J1 3 1 1 
                                
17.77 3.11 1.9 Unknown T 0.48 0.32 0.13 3 Joint 90 271 J2 3 1 1 
                  Joint 85 358 R 3 1 1 
                  Joint 62 112 J2 3 1 1 
                                
19.31 2.6 2.55 Bar W 0.95 0.9 0.12 3 Joint 40 142 R 3 2 1 
                    65 228 J1 3 1 1 
                  Joint 85 177 J3 3 2 1 
                                
0.5 1.45 -0.25 Blast W 0.53 0.57 0.42 1 Joint 85 40 J1 3 2 1 
                  Joint 75 218 J1 3 2 1 
                  B/F 55 306 J2 3 1 1 
                                
1.03 1.99 -0.79 Blast W 0.44 0.39 0.19 1 Joint 80 309 R 2 4 1 
                  Joint 65 220 J1 2 4 1 
                  B/F 73 40 N/A 3 1 1 
                                
1.7 1.98 -0.78 Barring TP 0.57 0.44 0.16 1 Joint 85 65 J1 3 2 1 
          0.44 0.38     B/F 25 234 N/A 3 1 1 
        Average 0.51 0.41 0.16                 
                                
1.7 0.93 0.27 Barring TW 0.84 0.67 0.18 1 Joint 55 355 R 3 1 1 
          0.75 0.61     Joint 75 41 J1 3 2 1 
        Average 0.8 0.64 0.18   B/F 10 210 N/A 3 1 1 
                                
 129
3.5 2.11 -0.91 Barring T 0.32 0.24 0.11 1 Joint 10 212 J1 2 4 1 
                  Joint 85 132 R 2 4 1 
                  Joint 80 45 J1 3 1 1 
                                
4.44 1.81 -0.61 Blast TT 0.32 0.25 0.12 1 Joint 75 95 J2 3 1 1 
          0.24 0.17     Joint 65 254 R 3 1 1 
        Average 0.28 0.21 0.12                 
                                
6.20 1.46 -0.26 Blast T 1.01 0.52 0.17 1 Joint 85 324 R 3 2 1 
                  Joint 55 223 J1 3 1 1 
                  Joint 40 42 J1 3 1 1 
                                
6.50 0.8 0.4 Blast W 0.55 0.28 0.12 1 Joint 40 48 J1 3 1 1 
                  Joint 85 190 J3 3 2 1 
                  Joint 65 277 J2 3 1 1 
                                
6.60 0.61 0.59 Barring W 0.52 0.88 0.18 1 Joint 65 47 J1 3 1 1 
                  Joint 73 210 J3 3 2 1 
                  Joint 54 132 R 3 2 1 
                                
7.10 1.26 -0.06 Blast TW 0.77 0.56 0.26 1 Joint 65 36 J1 3 1 1 
          0.67 0.50     Joint 75 118 J2 3 2 1 
        Average 0.72 0.53 0.26   Joint 55 175 J3 3 2 1 
                  Joint 85 272 J2 3 1 1 
                                
8.10 1.78 -0.58 Blast W 0.31 0.24 0.11 1 Joint 65 44 J1 2 4 1 
                  Joint 55 226 J1 3 1 1 
                  Joint 85 320 R 2 4 1 
                                
9.70 0.77 0.43 Barring P 0.67 0.39 0.17 1 B/F 45 41 N/A 3 1 1 
                  Joint 80 92 J2 2 4 1 
                  Joint 85 178 J3 2 4 1 
                  Joint 80 262 J2 2 4 1 
                                
10.80 2.00 -0.80 Blast TP 0.56 0.32 0.14 1 Joint 85 337 R 3 2 1 
          0.50 0.25     Joint 80 243 J1 3 2 1 
        Average 0.53 0.285 0.14   Joint 65 70 J1 3 1 1 
                                
11.30 0.80 0.40 Blast W 0.40 0.32 0.16 1 Joint 75 262 J2 3 2 1 
                  Joint 66 77 J2 3 1 1 
                                
14.80 1.56 -0.36 Barring T 0.31 0.33 0.24 2 Joint 80 250 J1 3 1 1 
                  Joint 65 162 J3 3 1 1 
                  Joint 15 75 J1 3 2 1 
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2.4 2.88 -0.88 Unknown P 0.53 0.32 0.14 1 Joint 85 231 J1 3 1 1 
                  Joint 80 150 R 3 1 1 
                  Joint 55 58 J1 3 2 1 
                  Joint 60 318 R 3 1 1 
                                
2.51 0.5 1.5 Blast TW 0.62 0.5 0.28 1 Joint 75 214 J1 2 4 1 
          0.57 0.44     Joint 65 357 R 2 4 1 
        Average 0.6 0.47 0.28   Joint 73 40 J1 3 1 1 
                                
3.09 2.76 -0.76 Barring TP 0.53 0.32 0.14 1 Joint 88 231 J1 2 4 1 
          0.45 0.36     Joint 65 323 R 2 4 1 
        Average 0.49 0.34 0.14   B/F 57 52 N/A 3 1 1 
                                
7.46 3.29 -1.29 Unknown T 0.61 0.4 0.22 1 Joint 70 62 J1 3 2 1 
                  Joint 75 243 J2 3 1 1 
                  Joint 55 322 R 3 1 1 
                                
9.95 1.88 0.12 Blast TP 0.48 0.70 0.14 1 Joint 20 255 J2 2 4 1 
                  Joint 75 342 J3 2 4 1 
                  B/F 10 36 N/A 3 1 1 
                                
10.9 1.11 0.89 Barring W 0.21 0.69 0.18 1 Joint 75 358 R 3 1 1 
                  Joint 25 270 J2 2 4 1 
                  Joint 67 88 J2 3 1 1 
                                
13.40 1.6 0.4 Blast W 0.16 0.28 0.08 1 Joint 50 328 R 3 1 1 
                  Joint 69 252 J1 3 1 1 
                  Joint 85 63 J1 2 4 1 
                                
13.82 1.07 0.93 Blast W 0.54 0.46 0.15 1 Joint 40 98 J2 3 1 1 
                  Joint 77 190 J3 3 2 1 
                  B/F 65 275 N/A 3 1 1 
                                
14.74 1.15 0.85 Barring TP 0.43 0.28 0.12 1 Joint 46 356 J3 3 1 1 
          0.38 0.22     Joint 55 272 J2 3 2 1 
        Average 0.41 0.25 0.12   Joint 79 89 J2 2 4 1 
                                
16.25 1.70 0.3 Blast T 0.52 0.71 0.11 1 Joint 70 348 R 2 4 1 
                  Joint 45 260 J2 2 4 1 
                  Joint 66 94 J2 3 1 1 
                                
20.20 2.04 -0.04 Barring W 0.55 0.26 0.19 1 Joint 85 340 R 2 4 1 
                  Joint 55 93 J2 3 1 1 
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                  Joint 77 261 J2 2 4 1 
                                
2.50 3.26 0.04 Unknown T 0.7 0.28 0.12 1 Joint 60 135 R 3 1 1 
                  Joint 75 225 J1 3 1 1 
                  Joint 70 345 J3 3 2 1 
                                
4.00 3.96 -0.66 Unknown TT 0.5 0.36 0.09 1 Joint 85 242 J1 3 1 1 
          0.40 0.3     Joint 80 150 R 2 4 1 
        Average 0.45 0.33 0.09   Joint 45 333 R 3 1 1 
                  B/F 12 36 N/A 3 1 1 
                                
5.55 3.41 -0.11 Barring P 1.39 0.43 0.22 2 Joint 85 60 J1 3 2 1 
                  Joint 65 162 J3 3 2 1 
                  Joint 75 240 J1 3 1 1 
                  Joint 85 344 J3 3 1 1 
                  B/F 12 36 N/A 3 1 1 
                                
7.82 4.15 -0.85 Barring T 1.19 0.35 0.21 1 Joint 75 47 J1 2 4 1 
                  Joint 89 283 J2 3 1 1 
                  Joint 45 132 R 3 2 1 
                  Joint 72 356 J3 3 1 1 
                                
7.84 2.65 0.65 Barring W 0.21 0.67 0.10 1 Joint 65 327 R 3 2 1 
                  Joint 85 245 J1 3 2 1 
                  Joint 77 166 J3 3 1 1 
                  B/F 12 36 N/A 3 1 1 
                                
9.4 3.07 0.23 Barring T 0.55 0.41 0.11 1 Joint 88 165 J3 3 2 1 
                  Joint 85 228 J1 3 1 1 
                  Joint 15 155 R 3 1 1 
                                
10.90 3.66 -0.36 Barring T 0.76 0.25 0.22 1 Joint 80 304 J2 3 2 1 
                  Joint 85 357 J3 3 2 1 
                  Joint 45 150 R 3 1 1 
                                
11.83 3.21 0.09 Unknown W 0.68 0.27 0.19 1 Joint 40 158 R 3 1 1 
                  Joint 75 316 R 3 1 1 
                  Joint 85 355 J3 3 2 1 
                                
14.40 3.05 0.25 Barring W 0.6 0.32 0.11 1 Joint 60 171 J3 3 2 1 
                  Joint 70 243 J1 3 2 1 
                  Joint 85 358 J3 3 2 1 
0.84 5.98 -1.14 Barring W 0.49 0.38 0.15 3 Joint 85 233 J1 2 4 1 
                  Joint 70 136 R 3 2 1 
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                  Joint 20 57 J1 3 1 1 
                                
1.60 4.49 -0.18 Barring TW 0.52 0.39 0.12 3 Joint 75 218 J1 3 2 1 
          0.46 0.32     Joint 70 320 R 3 2 1 
        Average 0.49 0.355 0.12   Joint 25 42 J1 3 1 1 
                                
2.3 6.14 -1.14 Unknown W 0.44 0.39 0.09 3 Joint 75 213 J1 3 2 1 
                  Joint 80 125 J2 2 4 1 
                  Joint 20 52 J1 3 1 1 
                                
3.05 5 0.25 Unknown W 0.59 0.44 0.13 3 Joint 85 142 R 2 4 1 
                  Joint 85 115 J2 3 2 1 
                  B/F 15 94 J2 3 1 1 
                                
4.23 4.83 0.3 Barring W 0.53 0.26 0.12 3 Joint 90 185 J3 3 1 1 
                  Joint 40 134 R 2 4 1 
                  Joint 80 350 J3 3 1 1 
                                
4.55 5.49 -0.41 Barring TT 0.71 0.42 0.12 3 Joint 30 128 R 3 1 1 
                  Joint 70 125 J2 3 2 1 
                  Joint 75 48 J1 2 4 1 
                                
7.53 5.81 -0.42 Barring TP 0.52 0.33 0.09 4 B/F 25 117 J2 3 1 1 
                  Joint 83 3 J3 3 1 1 
                  Joint 65 184 J3 3 2 1 
                  Joint 90 232 J1 3 1 1 
                                
7.63 3.68 1.52 Unknown W 0.69 0.39 0.22 2 Joint 45 131 R 3 1 1 
                  Joint 85 27 J3 3 1 1 
                                
8.13 6.66 -1.45 Unknown W 0.35 0.22 0.14 3 Joint 25 22 J3 3 2 1 
                  Joint 55 128 R 3 2 1 
                  Joint 75 15 J3 3 1 1 
                                
8.55 5.43 -0.34 Barring TT 0.62 0.38 0.13 3 Joint 55 159 J3 3 2 1 
                  Joint 90 235 J1 3 1 1 
                  Joint 35 176 J3 3 1 1 
                                
10.07 4.24 1.27 Unknown W 0.54 0.57 0.16 2 Joint 55 36 J1 3 2 1 
                  Joint 65 291 J2 3 1 1 
                                
10.83 4.03 1.46 Blast W 0.84 0.2 0.11 2 Joint 25 89 J2 3 2 1 
                  Joint 90 150 R 3 2 1 
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11.83 4.12 1.36 Unknown W 1.1 0.56 0.2 3 Joint 32 98 J2 3 2 1 
                  Joint 68 44 J1 3 1 1 
                  Joint 70 141 R 3 2 1 
                                
13.23 4.25 1.05 Barring W 0.92 0.26 0.16 3 Joint 10 152 R 2 4 1 
                  Joint 50 160 J3 2 4 1 
                  Joint 80 355 J3 3 1 1 
                                
13.83 5.8 -0.85 Barring W 0.81 0.3 0.17 2 Joint 50 122 J2 3 2 1 
                  Joint 80 344 J3 3 1 1 
                                
13.88 5.8 -0.21 Unknown TW 0.7 0.36 0.19   Joint 70 91 J2 3 1 1 
                  Joint 70 232 J1 3 1 1 
                  Joint 62 337 R 3 2 1 
                                
14.14 3.73 1.44 Barring W 0.78 0.24 0.11 3 Joint 72 115 J2 3 1 1 
                  Joint 80 347 J3 3 1 1 
                  B/F     N/A 3 1 1 
                                
18.83 3.08 2.65 Barring W 0.29 0.43 0.15 3 Joint 80 28 J3 3 2 1 
                  Joint 48 138 R 3 2 1 
                  Joint 55 140 R 3 1 1 
                                
21.13 4.59 1.23 Barring W 0.22 0.28 0.17 2 Joint 80 36 J1 3 1 1 
                  Joint 80 131 R 3 1 1 
                  B/F     N/A 3 1 1 
                                
21.58 5.51 0.3 Unknown TP 0.41 0.93 0.14 4 Joint 55 240 J1 3 2 1 
                  Joint 85 160 J3 3 1 1 
                  Joint 85 237 J1 3 1 1 
                  Joint 38 147 R 3 1 1 
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Appendix C.     Friction angle graphs 
C.1 UG2 reef - Case Study 1 
 
Figure 7-1: UG2 J1 set 
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Figure 7-2: UG2 J2 set 
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Figure 7-3: UG2 JR set 
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C.2 Merensky reef - Case Study 2 
 
Figure 7-4: Merensky J1 set 
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Figure 7-5: Merensky J2 set 
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Figure 7-6: Merensky JR 
  
0
10
20
30
40
50
60
70
0 10 20 30 40 50 60 70 80
C
u
m
m
u
l
a
t
i
v
e
 
D
i
s
t
r
i
b
u
t
i
o
n
Friction Angle (⁰)
Normal Dist
Actual Data
 140
C.3 Merensky reef - Case study 3 
 
Figure 7-7: Case study 3 J1 set 
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Figure 7-8: Case study3 J2 set 
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Figure 7-9: Case study 3 J3 set 
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Figure 7-10: Case study 3 J4 set 
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Appendix D.     Parameters for case study 1 (UG2 reef at Mine A) 
  
 145
D.1 JBlock Parameters 
D.1.1 Mine Pole Support system 
 146
 
Figure 7-11: JBlock support layout for UG2 reef at mine A 
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Hydrabolts 
Strength: 10t 
Grout bond strength: 320kN/m 
Length: 1.5 m, 2 m, 2.5 m, 3 m, 3.5 m, 4 m 
Spacing (Gully): 0.5 m x 1 m 
Mine Poles 
Peak Strength: 250kN 
Spacing: 1.8 m x 1 m 
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D.1.2 Mine poles with either 10T 1.2 m, 1.5 m and 1.8  m hydrabolts or 25T 1.5 m and 1.8 m cable bolt 
support system 
 
Figure 7-12: JBlock support layout for either 1.2 m, 1.5 m, and 1.8 m Hydrabolts or 1.5 m and 2 m cable anchors used with mine poles for UG2 
reef at mine A 
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Hydrabolts 
Strength: 10t 
Grout bond strength: 320kN/m 
Length: 1.2 m, 1.5 m, 1.8 m 
Spacing (Gully): 0.5 m x 1 m 
Spacing (Panel): 1.5 m x 1 m 
Cablebolts 
End anchored 
Strength: 25t 
Length: 1.5 m, 2 m 
Spacing (Gully): 0.5 m x 1 m 
Spacing (Panel): 1.5 m x 1 m 
Mine Poles 
Peak Strength: 250kN 
Spacing: 2 m x 1.5 m 
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D.2 RiskEval Parameters 
Maximum aspect ratio =2 
Geometry 
Face Length = 30 m 
Advance per blast = 1 m 
Stope height = 1 m 
Rockmass 
Ore density = 4 t/m3 
Hangingwall density = 3.2 t/m3 
Sweepings density = 2.5 t/m3 assuming a swell factor of 1.6 
Sweepings height = 0.2 m 
General 
Re-support area factor = 1.5 
Sweepings area factor = 1.2 
Working days per month = 23 
Blast per month = 12 
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Table 7-1: Support scenario costing for case study 1 
Support Scenario Cost/unit Spacing Cost/m2 Total Cost/m2 
Mine Poles R 67.49 2m x 1.5m R 22 R 22 
1.2m Hydrabolt + Mine Poles R 66.80 1m x 1.5m R 45 R 67 
1.5m Hydrabolt + Mine Poles R 76.21 1m x 1.5m R 51 R 73 
1.8m Hydrabolt + Mine Poles R 85.57 1m x 1.5m R 57 R 80 
1.5m Cable Bolt + Mine Poles R 119.30 1m x 1.5m R 80 R 102 
2.0m Cable Bolt +  Mine Poles R 126.61 1m x 1.5m R 84 R 107 
Mine Pole + Safety Net R 67.49 2m x 1.5m R 22 R 22 
 
Table 7-2: Worker cartegory exposure in different zones 
 
Exposure Hrs per day Exposure 
Category Shift No of Zone 1 Zone 2 Zone 3 Zone 4 Blast Barring 
Stope Driller Day 3 4.0 1.5 0.5 0.0 0.65 0.9 
Gully Driller Day 1 0.0 1.5 4.5 0.0 0.65 0.9 
Stope Timber Day 2 2.0 2.5 1.5 0.0 0.65 0.9 
Winch Driver Day 2 2.0 2.0 2.0 0.0 0.65 0.9 
Team leader Day 1 4.0 1.0 1.0 0.0 0.65 0.4 
Winch Driver Night 2 2.0 2.0 2.0 0.0 0.65 0.2 
Team leader Night 1 3.0 2.0 1.0 0.0 0.65 0.1 
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Table 7-3: Revenue Calculation for UG2 reef at Mine A 
Merensky reef grade 3.49g/t 
1 oz = 31.10348 g 
Grade Distribution   
Platinum 47.9%  
Palladium 25.8%  
Rhodium 25.6%  
Gold 0.6%  
   
Long Term Price $/oz 
Platinum 1400 
Palladium 450 
Rhodium 1400 
Gold 900 
Long exchange rate $1 = R 7.80  
Recovery 85% 
Mining Grade Loss 75% 
Mine Call Factor 97% 
Revenue/t $ 79.83  
R 622.66  
Total Cost/t ore R 670.00  
Variable Costs = 30% of total cost/t 
Dilution = 20% of total cost/t 
Variable Cost/t R 201.00  
Dilution Cost/t R 134.00  
Production Loss R 421.66  
Sweepings Loss R 488.66  
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Injury ratio: 
LTI = 0.55 
Serious = 0.43 
Fatalities = 0.02 
Section 54: 
Days Lost = 5 
Nummber of panels affected = 100 
Consultant and legal fees = R 3 000 000 
Days Lost: 
LTI = 7 days 
Serious = 28 days 
Fatality = 6 000 days 
SIMRAC Levy = R 3.14/day lost 
Medical Costs: 
Per Injury = R 10 018 
Per Fatality = R1 465 
Wages and Compensation: 
Per Injury = R 7 527 
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Per Fatality = R 26 583 
Rehabilitation: 
Pillar width = 3 m 
Pillar safety distance = 1 m 
Re-establish gully width = 6 m 
Re-establish raise width = 2 m 
Raise advance = 2 m per blast 
Gully advance = 2 m per blast 
Spare panel = 0 
Blasting efficiency = 0.7 
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Appendix E.     Parameters for case study 2 (Merensky reef at mine A) 
  
 156
E.1 JBlock Parameters 
E.1.1 Mine poles with either 10T 1.2 m,1.5 m, 1.8 m Hydrabolts or 25T 1.5 m and 2 m cable bolts 
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Figure 7-13: JBlock support layout for either 1.2 m, 1.5 m, and 1.8 m Hydrabolts or 1.5 m and 2 m cable anchors used with mine poles 
forMerensky reef at mine A 
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Hydrabolts 
Strength: 10t 
Grout bond strength: 320kN/m 
Length: 1.2 m, 1.5 m, 1.8 m 
Spacing (Gully): 0.5 m x 1 m 
Spacing (Panel): 1.5 m x 1 m 
Cablebolts 
End anchored 
Strength: 25t 
Length: 1.5 m, 2 m 
Spacing (Gully): 0.5 m x 1 m 
Spacing (Panel): 1.5 m x 1 m 
Mine Poles 
Peak Strength: 250kN 
Spacing: 2 m x 2.4 m 
 
E.2 RiskEval Parameters 
 
Maximum aspect ratio =2 
Geometry 
Face Length = 30 m 
Advance per blast = 1 m 
Stope height = 1.2 m 
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Rockmass 
Ore density = 3.2 t/m3 
Hangingwall density = 3.2 t/m3 
Sweepings density = 2 t/m3 assuming a swell factor of 1.6 
Sweepings height = 0.2 m 
General 
Re-support area factor = 1.5 
Sweepings area factor = 1.2 
Working days per month = 23 
Blast per month = 12 
 
Table 7-4: Support scenario costing for case study 2 
Support Scenario Cost/unit Spacing Cost/m2 Total cost/m2 
Mine Poles R 67.49 2m x 2.4m R 14 R 14 
1.2m Hydrabolt + Mine Poles R 66.80 1m x 1.5m R 45 R 59 
1.5m Hydrabolt + Mine Poles R 76.21 1m x 1.5m R 51 R 65 
1.8m Hydrabolt + Mine Poles R 85.57 1m x 1.5m R 57 R 71 
1.5m Cable Bolt + Mine Poles R 119.30 1m x 1.5m R 80 R 94 
2.0m Cable Bolt + Mine Poles R 126.61 1m x 1.5m R 84 R 98 
1.2m Hydrabolt + Mine Poles + Safety Net R 66.80 1m x 1.5m R 45 R 59 
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Table 7-5: Worker cartegory exposure in different zones 
 
Exposure Hrs per day Exposure 
Category Shift No of Zone 1 Zone 2 Zone 3 Zone 4 Blast Barring 
Stope Driller Day 3 4.0 1.5 0.5 0.0 0.65 0.9 
Gully Driller Day 1 0.0 1.5 4.5 0.0 0.65 0.9 
Stope Timber Day 2 2.0 2.5 1.5 0.0 0.65 0.9 
Winch Driver Day 2 2.0 2.0 2.0 0.0 0.65 0.9 
Team leader Day 1 4.0 1.0 1.0 0.0 0.65 0.4 
Winch Driver Night 2 2.0 2.0 2.0 0.0 0.65 0.2 
Team leader Night 1 3.0 2.0 1.0 0.0 0.65 0.1 
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Table 7-6: Revenue Calculation for case study 2 
Merensky reef grade 3.92g/t 
1 oz = 31.10348 g 
Grade Distribution   
Platinum 56.7%  
Palladium 24.9%  
Rhodium 14.8%  
Gold 3.6%  
   
Long Term Price $/oz 
Platinum 1400 
Palladium 450 
Rhodium 1400 
Gold 900 
Long exchange rate $1 = R 7.80  
Recovery 85% 
Mining Grade Loss 75% 
Mine Call Factor 97% 
Revenue/t $ 89.27  
R 696.31  
Total Cost/t ore R 670.00  
Variable Costs = 30% of total cost/t 
Dilution = 20% of total cost/t 
Variable Cost/t R 201.00  
Dilution Cost/t R 134.00  
Production Loss R 495.31  
Sweepings Loss R 562.31  
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Injury ratio: 
LTI = 0.55 
Serious = 0.43 
Fatalities = 0.02 
Section 54: 
Days Lost = 5 
Nummber of panels affected = 100 
Consultant and legal fees = R 3 000 000 
Days Lost: 
LTI = 7 days 
Serious = 28 days 
Fatality = 6 000 days 
SIMRAC Levy = R 3.14/day lost 
Medical Costs: 
Per Injury = R 10 018 
Per Fatality = R1 465 
Wages and Compensation: 
Per Injury = R 7 527 
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Per Fatality = R 26 583 
Rehabilitation: 
Pillar width = 3 m 
Pillar safety distance = 1 m 
Re-establish gully width = 6 m 
Re-establish raise width = 2 m 
Raise advance = 2 m per blast 
Gully advance = 2 m per blast 
Spare panel = 0 
Blasting efficiency = 0.7 
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Appendix F.     Parameters for case study 3 (Merensky reef at mine B) 
  
 165
F.1 JBlock Parameters 
F.1.1 :25T Cable anchor only support system 
-  
Figure 7-14: JBlock support layout for 25T 1.5 m, 2 m, 2.5 m, 3 m, 3.5 m and 4 m cable anchors 
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Cable Bolts 
End anchored 
Strength: 25t 
Length: 1.5 m, 2 m, 2.5 m, 3 m, 3.5 m, 4 m 
Spacing (Gully): 1 m x 1 m 
Spacing (Panel): 1 m x 1.5 m 
Grout Packs 
Peak strength: 2 500kN 
Width: 0.66m 
Length: 0.66m 
Spacing: 5 m x 3.2 m 
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F.1.2 :12T cable anchor and mine pole support system 
 
Figure 7-15: JBlock support layout for 12T 1.5m cable anchors and mine poles support layout 
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Cable Bolts 
End anchored 
Strength: 12t 
Length: 1.5 m, 2 m, 2.5 m, 3 m, 3.5 m, 4 m 
Spacing (Gully): 0.9 m x 1 m 
Spacing (Panel): 0.9 m x 1.5 m 
Mine Poles 
Peak Strength: 250kN 
Spacing: 1.8 m x 1 m 
 
Grout Packs 
Peak strength: 2 500kN 
Width: 0.66m 
Length: 0.66m 
Spacing: 5.4 m x 3 m 
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F.2 RiskEval Parameters 
Maximum aspect ratio =2 
Geometry 
Face Length = 30 m 
Advance per blast = 1 m 
Stope height = 1.2 m 
Rockmass 
Ore density = 3.2 t/m3 
Hangingwall density = 3.2 t/m3 
Sweepings density = 2 t/m3 assuming a swell factor of 1.6 
Sweepings height = 0.2 m 
General 
Re-support area factor = 1.5 
Sweepings area factor = 1.2 
Working days per month = 23 
Blast per month = 12 
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Table 7-7: Support scenario costing for mine B 
Support Scenario 
Cable Anchors Timber Total  
Cost/m
2
 
Cost 
/unit 
Spacing Cost/m
2
 
Cost 
/unit 
Spacing Cost/ 
m2 
1.5m(25T) R 119.30 1m x 1.5m R 80 - - - R 80 
2.0m(25T) R 126.61 1m x 1.5m R 84 - - - R 84 
2.5m(25T) R 133.93 1m x 1.5m R 89 - - - R 89 
3.0m(25T) R 141.25 1m x 1.5m R 94 - - - R 94 
3.5m(25T) R 148.56 1m x 1.5m R 99 - - - R 99 
4.0m(25T) R 155.88 1m x 1.5m R 104 - - - R 104 
1.5m(12T) + Mine Poles R 114.50 0.9m x 1.5m R 85 R 65.00 1m x 1.8m R 36 R 121 
 
Table 7-8: Worker cartegory exposure in different zones 
 
Exposure Hrs per day Exposure 
Category Shift No of Zone 1 Zone 2 Zone 3 Zone 4 Blast Barring 
Stope Driller Day 3 4.0 1.5 0.5 0.0 0.65 0.9 
Gully Driller Day 1 0.0 1.5 4.5 0.0 0.65 0.9 
Stope Timber Day 2 2.0 2.5 1.5 0.0 0.65 0.9 
Winch Driver Day 2 2.0 2.0 2.0 0.0 0.65 0.9 
Team leader Day 1 4.0 1.0 1.0 0.0 0.65 0.4 
Winch Driver Night 2 2.0 2.0 2.0 0.0 0.65 0.2 
Team leader Night 1 3.0 2.0 1.0 0.0 0.65 0.1 
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Table 7-9: Revenue calculation for mine B 
Merensky reef grade 5.5g/t 
1 oz = 31.10348 g 
Grade Distribution   
Platinum 63%  
Palladium 25%  
Rhodium 10%  
Gold 2%  
   
Long Term Price $/oz 
Platinum 1400 
Palladium 450 
Rhodium 1400 
Gold 900 
Long exchange rate $1 = R 7.80  
Recovery 85% 
Mining Grade Loss 75% 
Mine Call Factor 97% 
Revenue/t $ 126.02  
R 982.97  
Total Cost/t ore R 670.00  
Variable Costs = 30% of total cost/t 
Dilution = 20% of total cost/t 
Variable Cost/t R 201.00  
Dilution Cost/t R 134.00  
Production Loss R 781.97  
Sweepings Loss R 848.97  
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Injury ratio: 
LTI = 0.55 
Serious = 0.43 
Fatalities = 0.02 
Section 54: 
Days Lost = 5 
Nummber of panels affected = 100 
Consultant and legal fees = R 3 000 000 
Days Lost: 
LTI = 7 days 
Serious = 28 days 
Fatality = 6 000 days 
SIMRAC Levy = R 3.14/day lost 
Medical Costs: 
Per Injury = R 10 018 
Per Fatality = R1 465 
Wages and Compensation: 
Per Injury = R 7 527 
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Per Fatality = R 26 583 
Rehabilitation: 
Pillar width = 3 m 
Pillar safety distance = 1 m 
Re-establish gully width = 6 m 
Re-establish raise width = 2 m 
Raise advance = 2 m per blast 
Gully advance = 2 m per blast 
Spare panel = 0 
Blasting efficiency = 0.7 
 
